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 H1 linker histone facilitates the formation of higher order chromatin structure and 
is essential for mammalian development.  Mice have 11 H1 variants which are 
differentially regulated and conserved in human.  Previous research indicates that H1 
regulates the expression of specific genes in mouse embryonic stem cells (ESCs).  
However, whether individual variants have distinct functions and how H1 participates in 
gene regulation remain elusive.  An investigation of the precise localization of individual 
H1 variants in vivo would facilitate the elucidation of mechanisms underlying chromatin 
compaction regulated gene expression, while it has been extremely difficult due to the 
lacking of specific antibodies toward H1 variants.  In this dissertation, I have generated a 
knock-in system in ESCs and shown that the N-terminally tagged H1 proteins are 
functionally interchangeable to their endogenous counterparts in vivo.  H1d and H1c are 
depleted from GC- and gene-rich regions and active promoters, inversely correlated with 
H3K4me3, but positively correlated with H3K9me3 and associated with characteristic 
sequence features.  Surprisingly, both H1d and H1c are significantly enriched at major 
satellites, which display increased nucleosome spacing compared with bulk chromatin.  
While also depleted at active promoters and enriched at major satellites, overexpressed 
H1
0
 displays differential binding patterns in specific repetitive sequences compared with 
H1d and H1c.  Depletion of H1c, H1d, and H1e causes pericentric chromocenter 
clustering and de-repression of major satellites.  Collectively, these results integrate the 
localization of an understudied type of chromatin proteins, namely the H1 variants, into 
xvi 
 
the epigenome map of mouse ESCs, and demonstrate significant changes at pericentric 








1.1 H1 Linker Histone and Its Variants 
  
 In eukaryotic cells, nuclear DNA is packaged into chromatin with the facilitation 
of histone proteins (Wolffe 1998).  The nucleosome, the building block of chromatin, 
consists of an octamer core of four core histones (H2A, H2B, H3 and H4) wrapped by 
147 bp of DNA (Olins and Olins 1974; Oudet et al. 1975; Wolffe 1998).  The 10-nm 
"beads on a string" structure represents the first level of DNA compaction, in which DNA 
is wrapped around repeating units of nucleosomes.((Olins and Olins 1974) and Figure 
1.1).  H1 linker histone, the fifth histone, binds to DNA entering and exiting nucleosome 
core particles and the linker DNA, facilitating the folding of chromatin into higher order 
structure such as the 30-nm fiber ((Noll and Kornberg 1977; Thoma et al. 1979; Allan et 
al. 1980) and Figure 1.1).  H1 is highly basic and has a three-domain structure (Chapman 
et al. 1976): the short N-terminal tail, the central globular domain and the highly lysine 
rich C-terminal tail.  Both the globular and the C- terminal domains have been shown to 
be critical for the binding of H1 to chromatin (Hendzel et al. 2004; Brown et al. 2006; 
Stasevich et al. 2010; Syed et al. 2010).  However, the exact position of H1 at the 









Figure 1.1 The process of DNA packaging into a mitotic chromosome. 





 H1 linker histone is the most divergent protein family in histones.  To date, there 
have been 11 different H1 variants characterized in mammals.  These variants are 
conserved from mouse to human and can be categorized into somatic H1s (H1a, H1b, 
H1c, H1d, H1e, H1
0
, and H1x) (Albig et al. 1991; Albig et al. 1993; Albig et al. 1997; 
Happel et al. 2005; Happel et al. 2009) and germ cell specific H1s (H1t, H1T2, HILS1 
and H1oo) (Drabent et al. 1991; Drabent et al. 1993; Tanaka et al. 2001; Yan et al. 2003; 
Martianov et al. 2005).  Among the somatic H1 variants, H1a-e are mainly synthesized in 
the S phase of the cell cycle, while the expression of H1
0
 and the latest characterized H1 
variant, H1x, are cell cycle independent.  Protein sequence alignment of mouse H1 
variants indicates that the N- and C- terminal domains of somatic H1 variants are more 
divergent than the highly conserved globular domains (Figure 1.2).   
 The existence of multiple variants poses a challenge for the functional study of 
H1 linker histone in mammals.  Individual deletion of most H1 variants does not lead to 
observable phenotype in mouse (Sirotkin et al. 1995; Drabent et al. 2000; Lin et al. 2000; 
Rabini et al. 2000; Fan et al. 2001), probably due to compensatory effects of the 
remaining variants.  Nevertheless, sequential disruption of  three somatic H1 variants 
(H1c, H1d, and H1e) causes embryonic lethality in mouse (Fan et al. 2003), 
demonstrating that H1 is essential for mammalian development. 
 Individual H1 variants have different chromatin binding affinities and residence 
time (Th'ng et al. 2005; Clausell et al. 2009), probably due to variations in nucleosome 
binding surface and C-terminal domain (Hendzel et al. 2004; Brown et al. 2006; George 
et al. 2010; Stasevich et al. 2010; Vyas and Brown 2012).  Furthermore, H1 variants are 
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differentially regulated during development (Lennox and Cohen 1983; Wang et al. 1997), 
and show distinct distribution in nucleus (Th'ng et al. 2005).  These results suggest that 
specific H1 variants have unique functions.  Genome-wide mapping of these variants 
could reveal their specific binding patterns in vivo and shed lights on the roles of these 









Figure 1.2 Amino acid sequence alignment of mouse H1 variants. 
Globular domains are marked by a black line.  Identical amino acids are highlighted in 
black, while similar residues are highlighted by grey.  
  
 
H1a   ------------------MSET-APVAQA--ASTATEKPAAAKKTKKPAKAAAPRKKPAGPSVSELIVQAVSSSKERSGVSLAALKK  66 
H1b   ------------------MSET-APAETA--APAPVEKSPAKKKTTKK-A-GAAKRKATGPPVSELITKAVSASKERGGVSLPALKK  64 
H1c   ------------------MSEA-APAAPA--AAPPAEKAPAKKKAAKK-P-AGVRRKASGPPVSELITKAVAASKERSGVSLAALKK  64 
H1d   ------------------MSET-APAAPA--APAPVEKTPVKKKAKKT-GAAAGKRKASGPPVSELITKAVAASKERSGVSLAALKK  65 
H1e   ------------------MSET-APAAPA--APAPAEKTPVKKKARKA-A-GGAKRKTSGPPVSELITKAVAASKERSGVSLAALKK  64 
H1
0   ------------------MTEN-STSAPA----------------AKPKRAKASKKSTDHPKYSDMIVAAIQAEKNRAGSSRQSIQK  52 
H1x   --------------MSVELEEA-LPPTSADGTARKTAKAGGSAAPTQPK-RRKNRKKNQPGKYSQLVVETIRKLGERGGSSLARIYA  71   
H1t   ------------------MSET-APAASSTLVPAPVEKPSSKRRGKKP--GLAPARKPRGFSVSKLIPEALSTSQERAGMSLAALKK  66 
H1T2  ------------------MAEAVQPSGESQGAERTIQIQQPAERALR---TPAKRGTQSVLRVSQLLLRAI---AGHQHLTLDALKK  63 
H1LS1 MAQMVAGDQD---------------AGTL-WVPSQSE--------SQT-ESDISTQSLRKPTMSYVILKTLADKRVHNCVSLATLKK  62 
H1oo  ---MAPGSVSSVSSSSFPSRDT-SPSGSCGLP--GADKPGPS--------CRRIQAGQRNPTMLHMVLEALKAREARQGTSVVAIKV  73 
                                                                        
 
H1a   -SLAAAGYDVEKNNSRIKLGLKSLVNK----GTL---VQTKGTGAAGSFKLNKKAESKAITTKVS-----VKAKASGA--AKKPKKT  138 
H1b   -ALAAGGYDVEKNNSRIKLGLKSLVSK----GTL---VQTKGTGASGSFKLNKKAASGEAKPKAKKTGAAKAKKPAGA--TPKK--P  139 
H1c   -ALAAAGYDVEKNNSRIKLGLKSLVSK----GIL---VQTKGTGASGSFKLNKKAASGEAKPQAKKAGAAKAKKPAGA--AKKPKKA  141 
H1d   -ALAAAGYDVEKNNSRIKLGLKSLVSK----GTL---VQTKGTGASGSFKLNKKAASGEAKPKAKKAGAAKAKKPAGA--AKKPKKA  142 
H1e   -ALAAAGYDVEKNNSRIKLGLKSLVSK----GTL---VQTKGTGASGSFKLNKKAASGEAKPKAKRAGAAKAKKPAGA--AKKPKKA  141 
H1
0   -YIKSHYKVGENANSQIKLSIKRLVTT----GVL---KQTKGVGASGSFRLAKGDEPKRSVAFKKT--KKEVKKVATPKKAAKPKKA  129 
H1x   EARKVAWFDQQNGRTYLKYSIRALVQN----DTL---LQVKGTGANGSFKLNRKKLEGGAERRGASAASSPAPKARTAAADRTPAR-  150 
H1t   -ALAAAGYDVEKNNSRIKLALKRLVNK----GVL---VQTKGTGASGSFKLSKKAASGNDKGKGKKSASAKAKKMGLPRASRSPKSS  145 
H1T2  -ELGNAGYEVRREISSHHEGKSTRLEK----GTL---LRVSGSDAAGYFRVWKISKPREKAGQSRLT-------LGSH--------S  127 
H1LS1 -AVSITGYNMTHNTWRFKRVLQNLLDK----GMIM--HVTCCKGASGSLCLCKERALKSNHRAKRCQDRQK---------SQ-----  128 
H1oo  -YIQHKYPTVD--TTRFKYLLKQALETGVRRGLLTRPAHSKAKGATGSFKLVPKPKTKKACAPKAGRGAAGAKETGSKKSGLLKKDQ  157 
                 
 
H1a   AGAAA---------------------KKTVKTP-----------KK---PKKPA---VSKKTSKS----------PKKPK-------  170 
H1b   KKTAGA-------------------KKTVKKTP-----------KK---AKKPAAA-GVKKVAKS----------PKKAK-------  175 
H1c   TGAATP-------------------KKAAKKTP-----------KK---AKKPAAAAVTKKVAKS----------PKKAK-------  178 
H1d   TGAATP-------------------KKTAKKTP-----------KK---AKKPAAAAGAKKVSKS----------PKKVK-------  179 
H1e   AGTATA-------------------KKSTKKTP-----------KK---AKKPAAAAGAKKA-KS----------PKKAK-------  177 
H1
0   ASKAPSKKPK---ATPVKK-----AKKKPAATP-----------KK---AKKPKVVKVK----------------------------  166 
H1x   --------PQ-----PER-------------RA-----------HK---SKKAAAAASAKKVKK-----------------------  174 
H1t   -------------------------KTKAVKKP-----------KA---T--PTKASGSGRKTK-----------------------  168 
H1T2  SGKTVLKSPR-----PLRPRS----RRKAAKKAREVWRRKARALKARSRRVRTRSTSGARSRTRSRASSRATSRATSRARSRARSRA  205  
H1LS1 ----KPQKPGQRESEPCQLLLSS--KKKND-----------------------QLFKGVRRVAKG----------NRHCH-------  169 
H1oo  VGKATMEKGQKRRAYPCKAATLEMAPKKAKAKPKEVRKAPLKQDKA---AGAPLTANGGQKVKRS----------GSRQE-------  224 
                                                                                                                            
 
H1a   --VVKA--KKVAKSPAKAKAVKPKASKAKVT----KPKTPAKPKKAAPKKK------------------------------------  213 
H1b   -AAAKP--KKAAKSPAKPKAVKSKASKPKVT----KPKTAK-PKAAKAKKAVSKKK-------------------------------  223 
H1c   --VTKP--KKVKSA---SKA-----VKPKAA----KPKVAK-AKKVAAKK-----K-------------------------------  212 
H1d   --AAKP--KKAAKSPAKAKAPKAKASKPKAS----KPKATK-AKKAAPRK-----K-------------------------------  221 
H1e   --ATKA--KKAPKSPAKAKTVKPKAAKPKTS----KPKAAK-PKKTAAKK-----K-------------------------------  219 
H1
0   -----P--VK-ASKPKKAKTVKPKA--------------KSSAKRGSKKK-------------------------------------  194 
H1x   --A---------AKPSVPKVPKGR--K------------------------------------------------------------  188 
H1t   --GAKG--VQQRKSPAKARAANPNSGKAKMV----MQKTDL--RKAAGRK-------------------------------------  208 
H1T2  QSSARSSARSSAKSSAKSSTRSSAKSWARSKARSRARSRAKDLVRSKAREQAQAREQARARAREQAHARARTQDWVRAKAQEFVSAK  292 
H1LS1 -Y-------------------------------------------------------------------------------------  170 
H1oo  -ANAHGKTKGEKSKPLASKVQNSVASLAKRK----MADMAHTVTVVQGAETVQETK-----------VPTPSQ--------------  281 
                                                                        
 
H1T2  EQQYVRAKEQERAKAREQVRIGARDEARIKAKDYNRVRPTKEDTSPRPAEEKSSNSKLREEKGQEPERPVKQTIQKPALDNAPSIQG  379 
H1oo  -------------------DIGHK------VQPIPRVRKAKT---PENTQA------------------------------------  304 
                                                                                                                                              
 
H1T2  KACTKSFTKSGQPGDTESP  398 
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1.2 Chromatin Binding Features of H1 Linker Histone 
 
 H1 is one of the major structural components of chromatin that stabilizes higher 
order chromatin folding (Thoma and Koller 1977; Allan et al. 1980).  Interestingly, recent 
in vivo studies using fluorescence recovery after photobleaching (FRAP) technique and 
overexpressed GFP-tagged H1 indicates that, rather than just being a static structural 
component, H1 binds dynamically to chromatin with a rapid exchange rate (Lever et al. 
2000; Misteli et al. 2000).  Later studies with similar strategies have shown that the 
chromatin binding affinity of H1 variants is different in vivo (Hendzel et al. 2004; Th'ng 
et al. 2005; Stasevich et al. 2010).  However, FRAP analysis does not have the resolution 
to identify the precise genomic localizations of histone H1. 
 Chromatin immunoprecipitation (ChIP) is an important technique to study the 
interaction of a protein and genomic DNA in vivo (Hecht et al. 1996) (Figure 1.3).  ChIP 
enriched DNA could be analyzed by quantitative PCR (qChIP) to detect the binding 
levels of proteins at regions of interest.  Moreover, ChIP could be coupled with methods 
such as tiling array (ChIP-chip) and deep sequencing (ChIP-seq) to analyze the genome-
wide localization of specific proteins.  Using an antibody recognizing all H1 variants and 
tiling array covering promoter regions, a recent study shows that H1 is depleted from 
active promoters in human breast cancer cells by ChIP-chip (Krishnakumar et al. 2008).  
However, this study could not differentiate individual H1 variants because the antibody 
used is not variant specific and the tiling array for ~1500 promoters only covers 2% of 
the human genome.  More comprehensive studies on genome-wide binding of specific 
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H1 variants would elucidate the mechanisms of epigenetic gene regulation mediated by 






Figure 1.3 Schematic representation of chromatin immunoprecipitation (ChIP) 
assays. 
ChIP enriched DNA could be analyzed by techniques such as qPCR (qChIP), microarray 




1.3 H1 Linker Histone and Gene Regulation  
 
 H1 has long been thought to be a general transcription repressor as in vitro 
analyses indicate that H1 counteracts the activation effects of transcription factors 
(Shimamura et al. 1989; Croston et al. 1991; Laybourn and Kadonaga 1991).  However, 
recent studies suggest that H1 participates in gene regulation processes in a specific 
manner in vivo.   
 H1 inactivation in lower eukaryotes leads to specific gene expression changes 
without perturbing global transcription (Shen and Gorovsky 1996; Hellauer et al. 2001; 
Jedrusik and Schulze 2001; Ni et al. 2006; Lu et al. 2009b; Lu et al. 2013).  Interestingly, 
knockdown of H1.1 but not other variants leads to gene activation limited to germline in 
C. elegans (Jedrusik and Schulze 2001). In higher eukaryotes, specific gene expression 
changes have been observed in Xenopus Laevis (Bouvet et al. 1994; Kandolf 1994; 
Steinbach et al. 1997) and chicken B-lymphocytes following H1 inactivation (Takami 
and Nakayama 1997; Takami et al. 2000; Hashimoto et al. 2010).  In mouse, transcription 
alteration has not been reported in most H1 single knockout studies (Sirotkin et al. 1995; 
Lin et al. 2000; Rabini et al. 2000; Fan et al. 2001; Fantz et al. 2001; Martianov et al. 
2005; Tanaka et al. 2005).  Nevertheless, by crossing single H1 depleted mice with mice 
carrying transgenes, individual variants are shown to have distinct effects in attenuating 
gene silencing induced by position effects (Alami et al. 2003).  Double knockout of H1a 
and H1t in male germ cells (Lin et al. 2004) and triple knockout (TKO) of H1c, H1d and 
H1e in embryonic stem cells (ESCs) (Fan et al. 2005) cause up and down regulations of 
specific gene expression.  Interestingly, multiple homeobox (Hox) genes are significantly 
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down-regulated in H1 TKO mouse embryos (Zhang et al. 2012b), providing a possible 
mechanistic explanation for the developmental defects of such embryos (Fan et al. 2003).  
In human breast cancer cells, knockdown of individual H1 variants by siRNA leads to 
expression alterations of a limited number of genes.  Specifically, H1c knockdown causes 
repression of many cell cycle-related genes (Sancho et al. 2008). 
 H1
0
 and H1c overexpression in mouse fibroblasts leads to both positively and 
negatively perturbed gene expressions, some of which are variant specific (Bhan et al. 
2008).  Similar results have been reported in Drosophila after overexpressing H1 (Ni et al. 
2006).  MMTV promoter has been shown to be particularly sensitive to H1 dosage.  
Overexpression of H1
0
 and H1c significantly increases the activity of stably integrated 
mouse mammary tumor virus (MMTV) promoter, while such elevated activity was not 
observed in the transiently transfected reporter (Gunjan and Brown 1999).  In Xenopus 
oocytes, sub-saturating level of H1 has been shown to activate MMTV promoter (Belikov 
et al. 2007).  
 Recent studies also indicate that H1 regulates gene expression through protein-
protein interactions.  It was reported that H1b and Msx1 interacts and cooperates to 
inhibit MyoD and myogenic differentiation in mouse myoblasts (Lee et al. 2004).  SirT1, 
a histone deacetylase, has been shown to recruit H1 to a transgene promoter by directly 
interacting with H1e, which leads to transcription repression (Vaquero et al. 2004).  
Recently it was shown that CHD8 requires the recruitment of H1 to inhibit p53 and β-
catenin dependent transactivation by forming a trimeric complex with p53 and β-catenin, 
respectively (Nishiyama et al. 2009; Nishiyama et al. 2012).  In Drosophila,  the 
interaction between H1 and the H3 lysine 9 (H3K9) methyltransferase Su(var)3-9 has 
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been suggested to suppress the transcription of transposable elements (Lu et al. 2013).  
The interaction of DNA methyltransferases (DNMTs) with H1 was identified as a 
potential mechanism of H1’s regulation on several imprinted genes in ESCs ((Yang et al. 
2013); Cao K and Fan Y, unpublished observation).  
 In summary, H1 specifically regulates gene expression in vivo rather than 
repressing transcription globally.  It is possible that H1 modulates local transcription 
level through recruitment of interacting proteins.   
 
1.4 H1 Linker Histone and Core Histone Modifications  
 
 Core histones are subject to multiple types of post-translational modifications, 
such as acetylation, methylation, ubiquitylation, sumoylation, phoshphorylation, ADP 
ribosylation, deimination and proline isomerization (Kouzarides 2007).  Lysine 
acetylation and methylation have been the most extensively studied modifications.  Triple 
H1 depletion in mouse ESC leads to a decrease of two core histone modifications, 
H4K12Ac and H3K27me3, in bulk chromatin (Fan et al. 2005), indicating that H1 may 
regulate the levels of core histone modifications. 
 Histone lysine acetylation is catalyzed by histone acetyltransferases (HATs) and 
erased by histone deacetylases (HDACs) (Shahbazian and Grunstein 2007).  
Hyperacetylation is associated with gene activation while hypoacetylation is correlated 
with repression of transcription.  Whole-genome mapping of histone acetylation marks 
demonstrates that acetylation marks are generally positively correlated with gene 
expression (Wang et al. 2008).  On the other hand, histone lysine methylation marks can 
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be grouped into either transcription activation marks, such as H3K4me3, or repression 
marks, such as H3K9me3, H3K27me3, and H4K20me3.  For instance, active promoter 
regions are often marked by H3K4me3 (Guenther et al. 2007; Mikkelsen et al. 2007), 
whereas H3K9me3 and H3K27me3 are enriched at pericentric and facultative 
heterochromatin, respectively (Peters et al. 2001; Lehnertz et al. 2003; Trojer and 
Reinberg 2007).  Both H3K9me3 and H4K20me3 are enriched at repetitive sequences 
(Barski et al. 2007; Mikkelsen et al. 2007).  H3K27me3 colocalizes with H3K4me3, 
forming the "bivalent domain" on developmental genes (Bernstein et al. 2006; Mikkelsen 
et al. 2007).  In both ESCs and human T cells, the relative levels of 
H3K4me3/H3K27me3 correlate with the state of transcription (Barski et al. 2007; 
Mikkelsen et al. 2007),  
 H1 has been shown to interact with a number of proteins responsible for specific 
histone modifications.  For example, H1 interacts with components of the PRC2 complex 
(Martin et al. 2006), which catalyzes di- or tri- methylation of H3K27 (Cao et al. 2002; 
Shen et al. 2008; Margueron and Reinberg 2011).  This interaction also stimulates PRC2 
enzymatic activity (Martin et al. 2006).  H1 has also been shown to interact with HDAC 
SirT1 to induce histone deacetylation and transcription repression.  H1 interacts, both in 
vitro and in vivo, with HP1 (Nielsen et al. 2001; Daujat et al. 2005; Hale et al. 2006), the 
key factor involved in establishment and maintenance of heterochromatin structure 
(Eissenberg and Elgin 2000; Campos and Reinberg 2009).  HP1 interacts with H3K9 
methylation and H3K9me3 catalyzing enzyme Suv39h1 (Bannister et al. 2001; Lachner 
et al. 2001).  Furthermore, recent reports demonstrated that H1 interacts with Drosophila 
Su(var)3-9 and that Drosophila H1 regulates the distribution and level of H3K9 
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methylation (Lu et al. 2009b; Lu et al. 2013).  These results suggest a correlation of H1 
with H3K9me3 and constitutive heterochromatin.   
 Core histone modifications mark regulatory sequences and reflect chromatin 
structures.  Comparing the genome-wide distribution of key histone modifications with 
that of H1 variants would facilitate elucidating mechanisms of H1 regulated gene 
expression and chromatin conformation.  
 
1.5 H1 Linker Histone and DNA Methylation  
 
 Previous studies suggest that H1 levels have an impact on DNA methylation 
status either globally or at specific loci in different organisms.  Silencing H1 in fungi 
Ascobolus immersus leads to DNA hypermethylation globally (Barra et al. 2000), 
whereas knockdown of H1 in Arabidopsis thaliana leads to stochastic changes of DNA 
methylation at multiple loci throughout the genome (Wierzbicki and Jerzmanowski 2005). 
Recent studies in H1 TKO mouse ESCs showed that the regulatory regions of several H1 
target genes are hypomethylated, suggesting DNA methylation as one of the mechanisms 
by which H1 regulates specific gene expression (Fan et al. 2005; Giambra et al. 2008; 
Maclean et al. 2011; Yang et al. 2013). 
 DNA methylation plays important roles in repetitive elements silencing, X 
chromosome inactivation, genomic imprinting and transcription regulation (Li et al. 1993; 
Beard et al. 1995; Walsh et al. 1998; Robertson and Wolffe 2000; Suzuki and Bird 2008; 
Bartolomei 2009; Chow and Heard 2009).  In mammals, there are three characterized 
enzymes that are responsible for maintenance and establishment of DNA methylation, 
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DNMT1, DNMT3a and DNMT3b (Jurkowska et al. 2011).  In mouse embryos and 
mouse embryonic fibroblasts (MEF), depletion of the maintenance methyltransferase 
DNMT1 leads to reduction of methylation and aberrant expression of imprinted genes, 
among which several genes display expression alterations in H1 TKO ESCs (Li et al. 
1993; Howell et al. 2001; Jackson-Grusby et al. 2001; Fan et al. 2005).  Similarly, loss of 
de novo methyltransferases DNMT3a and DNMT3b results in upregulation of H1-
regulated Rhox genes in mouse ESCs (Maclean et al. 2011).  Interestingly, both 
DNMT3a and DNMT3b have been shown to bind tightly to nucleosomes and condensed 
chromatin (Jeong et al. 2009; Kashiwagi et al. 2011; Sharma et al. 2011).  Furthermore, 
DNMT1 and DNMT3b can interact with H1 in vitro and in vivo in ESCs (Kashiwagi et al. 
2011; Yang et al. 2013).   
 Taken together, these results suggested that loss of H1 disrupts the machinery of 
DNA methylation at specific loci in mouse ESCs and that loss of recruitment of DNMTs 
could be one of the mechanisms involved.  
 
1.6 H1 Linker Histone and Embryonic Stem Cells 
 
 Embryonic stem cells (ESCs) are pluripotent cells derived from in vitro culture of 
mouse blastocysts (Evans and Kaufman 1981).  They have the ability to self-renew and 
differentiate into cell types from all three germ layers (the endoderm, the mesoderm, and 
the ectoderm), providing promising resources for regenerative medicine as well as ideal 
tools for studying animal development and cell differentiation.  Mouse ESCs are also 
broadly utilized in generating mouse models carrying desired genotypes (Mansour et al. 
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1988) due to the capability of germline transmission (Bradley et al. 1984) (Figure 1.4).  






Figure 1.4 The strategy of generating ESC derived mouse.  
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 ESC pluripotency is governed by complex networks of transcription factors and 
chromatin proteins, such as the ESC core transcriptional circuitry, DNA modifying 
enzymes, histone modifying enzymes, and chromatin remodelers (Orkin and 
Hochedlinger 2011; Young 2011).  Previous reports suggest that ESCs harbor 
characteristic transcription and chromatin state, with globally elevated transcription levels 
and more "open" chromatin compared with differentiated cells (Meshorer et al. 2006; 
Efroni et al. 2008; Ahmed et al. 2010).  The epigenome of ESCs has been extensively 
characterized in recent years (Bernstein et al. 2006; Guenther et al. 2007; Mikkelsen et al. 
2007; Meissner et al. 2008; Ernst et al. 2011), revealing the essential role of epigenetic 
marks in regulating pluripotency and cell fate determination.  However, the genome-wide 
localization of H1 linker histone, one of the major proteins participating in chromatin 
compaction and formation of higher order chromatin structure, remains unexplored in the 
ESC genome. 
 Embryos lacking three somatic H1 variants die at mid-gestation (Fan et al. 2003), 
while H1 TKO ESCs are viable and appear similar to WT ESCs in growth and 
morphology (Fan et al. 2005).  Compared with WT ESCs, H1 TKO ESCs display 
chromatin decondensation, changes of two histone modifications in bulk chromatin, as 
well as alterations in the expression levels and DNA methylation at specific gene loci 
(Fan et al. 2005; Giambra et al. 2008; Maclean et al. 2011; Yang et al. 2013).  
Interestingly, overexpression of a mutant H1
0
, with two C-terminal domains and higher 
chromatin binding affinity, in ESC leads to differentiation arrest, suggesting that a proper 
chromatin binding affinity of H1
0
 is necessary for cell differentiation (Meshorer et al. 
2006).  Recent results have shown that triple H1 deletion impairs embryoid body (EB) 
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differentiation and blocks neural differentiation of ESCs, further emphasizing the 
requirement of H1 and chromatin compaction for ESC pluripotency (Zhang et al. 2012a).   
 In summary, H1 linker histone plays an important role in transcription regulation 
and is required for ESC pluripotency.  New tools for studying H1 proteins would provide 
insights for understanding the important epigenetic regulation by H1 and chromatin 







 In this study, I aim to investigate the genome-wide localization of H1 variants, 
correlate the binding patterns of H1 variants with the well studied ESC epigenome, and 
elucidate the mechanisms of H1 regulated transcription in ESCs.  To this end, I have 
generated multiple cell lines and performed ChIP-seq to map three H1 variants in ESCs.  
The results integrated H1 to the ESC epigenome and identified novel functions of this 
important chromatin protein.  The cells and mice generated are valuable resources for 





GENERATION OF TOOLS FOR GENOME-WIDE PROFILING OF H1 




The results in Chapter 2 have been published in the below article: 
Cao K., Lailler N., Zhang Y., Kumar A., Uppal K., Liu Z., Lee E. K., Wu H., Medrzycki 
M., Pan C., Ho P. Y., Cooper G. P. Jr., Dong X., Bock C., Bouhassira E. E., Fan Y. (2013) 
High-Resolution Mapping of H1 Linker Histone Variants in Embryonic Stem Cells. 







 H1 linker histones bind to and stabilize the nucleosome core particle, facilitating 
higher order chromatin folding.  Multiple H1 variants exist in mammals, while their roles 
in gene regulation and chromatin organization remain elusive.  Elucidating the in vivo 
functions of H1 variants would provide critical clues to the interplay among H1 and other 
epigenetic regulatory mechanisms, however, it is hindered because antibodies of high 
quality to differentiate individual variants are not available.  Here, we have established a 
knock-in system, in which endogenous H1 variants are replaced with N-terminally tagged 
variants in ESCs and mice.  We have shown that the tagged H1 proteins have the same 
biochemical properties as endogenous H1s.  The tagged H1d could rescue the lethal 
phenotype of triple H1 depletion in a mouse model.  These results indicate that the tagged 
H1 proteins are functionally interchangeable to their endogenous counterparts in vivo.  In 
addition, ESCs containing overexpressed tagged H1
0
 are generated to facilitate the 
characterization of this replacement H1 variant in mESCs.  The cell lines and mice 







 To date, 11 different H1 variants have been characterized in mammals (Happel 
and Doenecke 2009).  Multiple variants add to the complexity and possibility in 
regulation of chromatin compaction.  Deletion of three major somatic H1 variants (H1c, 
H1d and H1e) together leads to a 50% reduction of the total H1 level and embryonic 
lethality at midgestation, demonstrating that H1 level is critical for mammalian 
development (Fan et al. 2003).  H1 variants are conserved from mouse to human, and 
differ in their biochemical properties and expression patterns during development and 
malignant transformation (Lennox and Cohen 1983; Wang et al. 1997; Warneboldt et al. 
2008; Medrzycki et al. 2012b),  suggesting that individual variants are functionally 
distinct.  Mapping of the precise genomic localizations of different H1 variants in vivo is 
likely to provide significant insights, but has been challenging due to the lack of high 
quality antibodies that could accurately distinguish different H1 variants. 
 Embryonic stem cells (ESCs) are pluripotent cells that could be differentiated into 
any cell types of the body, offering great models for studying development and disease.  
The epigenome plays a critical role in stem cell fate determination, and genome-wide 
mapping studies have revealed that ESCs have characteristic epigenetic landscapes that 
differ from differentiated cells (Lu et al. 2009a; Meissner 2010).  H1 governs the extent 
of chromatin compaction, regulates the levels of transcription and DNA methylation at 
specific genes, and impacts the differentiation potentials, of ESCs (Fan et al. 2005; Zhang 
et al. 2012a).  Despite significant efforts to characterize the chromatin features of human 
and mouse ESCs, both by individual labs (Bernstein et al. 2006; Creyghton et al. 2008; 
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Lu et al. 2009a; Creyghton et al. 2010) and by large consortia (ENCODE (Birney et al. 
2007), Roadmap Epigenomics (Bernstein et al. 2010)), the landscapes of linker histone 
H1 variants have not been described on a genome-wide scale largely due to the lack of 
tools to analyze these variants. 
 Here, we have generated FLAG-tagged H1d knock-in ESCs, Myc-tagged H1c 
knock-in ESCs, as well as FLAG-tagged H1
0







 mESCs.  H1d and H1c are among the most 
abundant linker histones in mouse ESCs, accounting respectively for 32.6% and 16.4% of 
total H1, whereas the differentiation associated H1, H1
0
, accounts for 2% of H1 in 
undifferentiated ESCs (Fan et al. 2005; Zhang et al. 2012b).  These three variants differ 
significantly in terms of their residence time on chromatin and their ability to promote 
chromatin condensation in vitro (Th'ng et al. 2005; Clausell et al. 2009).  They also 
display different expression patterns during mammalian development and in 
exponentially growing cells vs. quiescent cells (Lennox and Cohen 1983; Meergans et al. 
1997; Wang et al. 1997).  We demonstrate that tagged H1 variants maintain the 
biochemical properties of the endogenous H1s in vivo and that FLAG-H1d can substitute 





2.3 Materials and Methods 
 
2.3.1 Cell Culture 
 ESCs were expanded on mitotically inactivated mouse embryonic fibroblasts 
feeder layers and cultured feeder-free on tissue culture-treated dishes (Corning) pre-
adsorbed with 0.1% gelatin (Sigma-Aldrich).  ESC culture media consisted of Dulbecco's 
modified Eagle's medium (DMEM) (Life Technologies) supplemented with fetal bovine 
serum (FBS) (Gemini), penicillin and streptomycin (Life Technologies), MEM non-
essential amino acids (Life Technologies), β-mercaptoethanol (Life Technologies), and 
leukemia inhibitory factor (LIF; ESGRO, Chemicon).   
 
2.3.2 Generation of H1d
FLAG





 knock-in targeting vector containing H1d 5’ and 3’ homology 
regions flanking the N-terminal FLAG-tagged H1d and the SV40-Blasticidin resistant 
gene was transfected into ESCs as described previously (Fan et al. 2001).  200 ESC 
clones resistant to 20 μg/ml Blasticidin (Life Technologies) and 2 μM gancyclovir 
(Sigma-Aldrich) were picked, and 5 clones with homologous recombination were 
identified by Southern blotting using the probe shown in Figure 2.1B.  Two cis-targeted 
clones were injected into C57BL/6 recipient blastocysts to produce chimeric mice, which 















) mice.  All animal work was performed 
according to procedures approved by the Institutional Animal Care and Use Committee 
(IACUC) at Georgia Institute of Technology.  
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 knock-in targeting vector containing H1c 5’ and 3’ homology regions 
flanking the N-terminal Myc-tagged H1c and the SV40-Blasticidin resistant gene was 
transfected into ESCs.  Cells were selected at the conditions as selecting H1d
FLAG
 ESC 
clones.  200 ESC clones were picked and 3 cis-targeted clones were identified. 
 







 overexpressing vector was constructed by cloning the H1d regulatory 
regions flanking N-terminal FLAG-tagged H1
0
 into a plasmid containing SV40- 
Blasticidin resistant gene.  Tranfection was performed in WT ESCs and 48 cell clones 
resistant to 20 μg/ml Blasticidin (Life Technologies) were picked.  Two cell lines with 
the highest levels of H1
0
 were selected for further analysis. 
 
2.3.5 Preparation and analysis of histones 
 Nuclei and chromatin of ESCs and mouse tissues were prepared and analyzed 
according to protocols described previously (Fan and Skoultchi 2004; Medrzycki et al. 
2012a).  Histones were extracted from chromatin with 0.2 N sulfuric acid and 50-100 μg 
of total histone preparations were injected into a C18 reverse phase column (Vydac) on 
an ÄKTA UPC10 system (GE Healthcare).  The effluent was monitored at 214 nm (A214), 
and the peak areas were recorded and analyzed with ÄKTA UNICORN 5.11 software.  
The A214 values of the H1 and H2B peaks were adjusted by the number of peptide bonds 
in each H1 variant and H2B.  The H1/nucleosome ratio was determined by dividing the 
A214 of all H1 peaks by half of the A214 of the H2B peak. Fractions corresponding to 
24 
 
different H1 variants from HPLC analysis were collected, lyophilized and analyzed with 
silver staining, Coomassie staining and Western blotting. 
 
2.3.6 Antibodies 
 The following antibodies were used in this study: anti-FLAG (Sigma-Aldrich 
F3165), anti-Myc-tag (Cell Signaling #2272), anti-H1
0 








2.4.1 Generation of tagged H1d knock-in mESCs 
 Efforts to generate high resolution genome-wide maps of H1 variants were 
hampered by the lack of H1 variant specific antibodies of sufficient quality for ChIP-seq.  
Here, we established knock-in mouse ESC lines in which H1d or H1c variant was N-
terminally tagged with an epitope (FLAG or Myc) for which highly specific antibodies 
exist.  An H1d
FLAG
 cell line was created by inserting a FLAG tag sequence at the start of 
endogenous H1d coding sequence through homologous recombination (Figure 2.1A).  
H1c/H1e double knockout mice develop normally, yet H1c/H1d/H1e triple knockout (H1 
TKO) mice are embryonic lethal (Fan et al. 2003).  Thus, ESCs with H1d
FLAG












determine whether FLAG-tagged H1d (FLAG-H1d) functions equivalently to 
endogenous H1d by assessing if the tagged H1d can rescue the embryonic lethality of H1 















 (“H1d-trans”) ESC lines by transfection of the FLAG-H1d 







established previously (Fan et al. 2003).  ESC clones with either cis or trans 
configuration of the H1d
FLAG
 allele with the H1c and H1e KO allele were identified and 
verified by Southern blotting (Figure 2.1B).  As expected, FLAG-H1d was located in the 
nuclei of the H1d
FLAG
 cells (data not shown).  Analysis of histone extracts of chromatin 
prepared from cis-targeted H1d
FLAG
 cells by HPLC and immunoblotting indicated that 
FLAG-H1d was associated with chromatin and co-eluted in the same fraction as the 
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endogenous H1d, suggesting that FLAG-H1d has the same hydrophobicity as the 
endogenous H1d (Figure 2.2A and 2.2B).  The ratio of somatic H1 variants, H1 a-e, to 
nucleosome (H1/nuc) of H1d
FLAG









) cells, indicating a similar expression level of FLAG-H1d as the endogenous H1d 
(Figure 2.2C).  As expected, the protein level of differentiation associated H1
0
 variant is 










Figure 2.1 Generation of H1d
FLAG
 knock-in ESCs. 
(A) Schematic representation of the H1d
FLAG
 targeting construct and the knock-in 
strategy for insertion of the FLAG tag at N-terminus of the endogenous H1d gene.  
(B) Identification of ESC clones containing the modified FLAG-H1d allele.  DNA 
isolated from Blasticidin resistant ESC clones were analyzed by Southern blotting.  Cis 
vs. trans configurations of the homologous recombination events are schematically 









Figure 2.2 FLAG-H1d has similar biochemical properties as endogenous H1d. 
(A) Reverse phase HPLC profiles of histone extracts from ce
het
 (left panel) and cis-
targeted H1d
FLAG
 ESCs (right panel).  mU, milliunits of absorbency at 214 nm.  
(B) Coomassie staining and Western blotting analysis of individual H1 fractions eluted 
from HPLC of histone extracts of ce
het
 (1) and H1d
FLAG
 (2) ESCs.  









2.4.2 Generation of tagged H1d knock-in mice 
 To generate chimeric mice which gave germline transmission of the H1d
FLAG
 
allele, I collaborated with Yunzhe Zhang, who injected cis-targeted H1d
FLAG
 ESCs into 
mouse blastocysts, as well as Dr. Zheng Liu, who transferred the blastocysts into 












 homozygous mice (designated as H1d
FLAG/FLAG
 mice) (Figure 2.3A).  
These homozygotes were viable, fertile and developed normally as H1c/H1e double null 
(ce
KO
) mice, demonstrating that FLAG-H1d can substitute for the endogenous H1d to 
fully rescue the lethal phenotype of H1 TKO mutants.  HPLC, mass spectrometry and 
immunoblotting demonstrated that H1d
FLAG/FLAG
 mice had full replacement of H1d by 
FLAG-H1d (Figure 2.3B and Figure 2.4) and that the H1/nuc ratio of spleen chromatin 
from H1d
FLAG/FLAG
 mice was 0.7, comparable to that of ce
KO
 mice (Figure 2.5).  Taken 
together, these results demonstrate that FLAG-H1d maintains the expression level and 









Figure 2.3 Generation and HPLC analysis of H1d
FLAG/FLAG
 mice. 
(A) Genotyping analysis of H1d
FLAG/FLAG
 mice.  The positions of WT and H1d
FLAG
 PCR 
bands are indicated by arrows. 
(B) Reverse phase HPLC and mass spectrometry analysis of extracted histones from 


















, right).  The insets are profiles generated by 









Figure 2.4 Silver staining and immunoblotting assays of H1 variants from mouse 
spleen. 


















Figure 2.5 H1/nucleosome ratio of histone extracts from mouse spleen. 




2.4.3 Generation of tagged H1c knock-in mESCs 









) by transfection of the H1c
Myc







 ESCs and selected ESC clones that underwent homologous 
recombination at H1c locus (Figure 2.6A and 2.6B).  Similar to FLAG-H1d, the N-
terminally Myc tagged H1c (Myc-H1c) colocalized with Hoechst stained nuclear regions 
in H1c
Myc
 cells (data not shown), and Myc-H1c was eluted in the same fraction as the 
endogenous H1c protein from HPLC analysis (Figure 2.7A and 2.7B). H1c
Myc
 cells had a 
H1/nuc ratio of 0.38, comparable to the ratio of 0.36 in ce
het
 cells (Figure 2.2C, Figure 
2.7A), indicating that like FLAG-H1d, Myc-H1c has the same expression level and 









Figure 2.6 Generation of H1c
Myc
 knock-in ESCs 
(A) Schematic representation of the H1c
Myc
 targeting vector and homologous 
recombination which results in insertion of the Myc tag at N-terminus of the coding 
sequence of the endogenous H1c gene. 
(B) Strategy of constructing H1c
Myc
 knock-in ESCs and cis vs. trans configurations of the 









Figure 2.7 Anlaysis of hisone extracts from H1c
Myc
 knock-in ESCs. 
(A) Reverse phase HPLC analysis of total histone extracts from H1c
Myc
 cells.  
(B) Coomassie stain (top) and immunoblotting (bottom) assay of the H1c and H1d/e 
peaks eluted from HPLC of histone extracts from ce
het
 cells and H1c
Myc




2.4.4 Generation of tagged H1
0
 overexpressing mESCs 
 The replacement variant H1
0
 is more divergent in amino acid sequence compared 
with the somatic variants, and is highly expressed in terminally differentiated tissues 
(Zlatanova and Doenecke 1994; Happel and Doenecke 2009), suggesting a possible 





” cells by over-expressing FLAG-H1
0
 in WT ESCs (Figure 2.8), and 
selected cell lines that expressed FLAG-H1
0
 at a similar level to that of H1
0
 in H1 TKO 
ESCs (Figure 2.9, Figure 2.10 and (Fan et al. 2005)).  As expected, FLAG-H1
0
 was 
eluted in the same fraction as endogenous H1
0
 (Figure 2.9), demonstrating the similar 
















Representative Western blots of H1
0
 overexpressing cell clones.  WT ESCs were 
transfected with the vector expressing FLAG-H1
0
, and stable ESC clones were picked 
and screened using an anti-FLAG antibody.  Immunoblotting with anti-β-ACTIN 
antibody indicates equal loading of whole cell lysates.  An H1
0
 overexpressing clone with 
significant levels of FLAG-H1
0









Figure 2.9 HPLC analysis of fH1
0
 ESCs. 
(A) RP-HPLC Profile of fH1
0
 ESCs. 
(B) Ratio of individual H1 variant (and total H1) to nucleosome of fH1
0
 ESCs calculated 










Figure 2.10 Western blots indicating similar levels of H1
0












 Deletion of multiple H1 variants leads to embryonic lethality and differentiation 
impairment in respective mice and ESCs (Fan et al. 2003; Zhang et al. 2012a), suggesting 
the importance of chromatin compaction during mammalian development and ESC 
lineage commitment.  The similarity and divergence among H1 variants adds to another 
level of regulation in higher order chromatin structure.  Elucidating the in vivo functions 
of individual H1 variants would pave the way for understanding the roles of chromatin 
state in development and disease, however, lacking of powerful tools such as antibodies 
against specific variants places impediment for such studies.  Here, we have achieved to 
produce H1 knock-in ESCs and mice as useful systems to map the genome localizations 
of H1 variants in vivo.  
We established a knock-in system to stringently test the functions of the tagged 
H1s and to facilitate the generation of high resolution maps of H1 variants in ESCs by 
ChIP-seq.  Our results demonstrate that, when tagged at the N-terminus, the short FLAG 
and Myc tags, with respective 8 and 13 amino acids, do not alter the biochemical and 
cellular properties of H1 proteins in vivo.  The strategy of homologous recombination 
ensures that the expression of tagged H1 variants is comparable to that of their 
endogenous counterparts.  FLAG-H1d fully rescues the lethal phenotype of H1d deletion 
on H1c/H1e double knockout genetic background, further demonstrating the functional 
equivalence of the tagged H1 and the respective endogenous H1 variant in vivo.  
Although Myc-H1c was not tested in mice, it is anticipated to mimic the endogenous H1c 
based on all the other assays performed.   
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The expression of H1
0
 in WT ESCs is minimal, thus it is challenging to map the 
localization of the replacement variant by antibodies recognizing the endogenous proteins.  
Here, FLAG tagged H1
0
 was overexpressed in WT ESCs to the level similar to that in H1 
TKO ESCs, providing an opportunity to study the genome binding pattern of 
physiological levels of H1
0
 in undifferentiated cells.   
Taken together, the data presented here provide a technical demonstration on how 
highly similar protein variants can be analyzed differentially using in vivo validated 
knock-in mice.  The cell lines and mouse strains generated here also provide valuable 





HIGH RESOLUTION MAPPING OF H1D, H1C, AND H1
0




The results in Chapter 3 have been published in the below article: 
Cao K., Lailler N., Zhang Y., Kumar A., Uppal K., Liu Z., Lee E. K., Wu H., Medrzycki 
M., Pan C., Ho P. Y., Cooper G. P. Jr., Dong X., Bock C., Bouhassira E. E., Fan Y. (2013) 
High-Resolution Mapping of H1 Linker Histone Variants in Embryonic Stem Cells. 







 H1 variants have distinct biochemical properties and chromatin binding affinity, 
however, the precise genome localizations of individual variants are still mysterious.  
Here, we performed ChIP-seq using the tagged H1 knock-in ESCs and H1
0
 over 
expressing ESCs generated in Chapter 2.  Our results indicate that H1d and H1c are 
depleted from GC- and gene-rich regions and active promoters, inversely correlated with 
H3K4me3, but positively correlated with H3K9me3 and associated with characteristic 
sequence features.  Unexpectedly, both H1d and H1c are significantly enriched at major 
satellites, the tandem repeats located at the pericentric region of mouse chromosomes.  
While also depleted at active promoters and enriched at major satellites, overexpressed 
H1
0
 displays differential binding patterns in specific repetitive sequences compared with 
H1d and H1c.  These results integrate the localization of the understudied H1 variants 







 Although none of the H1 variants tested is essential for mouse development 
(Sirotkin et al. 1995; Lin et al. 2000; Rabini et al. 2000; Fan et al. 2001), they have been 
shown to regulate specific gene expression in various cell types (Gunjan and Brown 1999; 
Alami et al. 2003; Sancho et al. 2008; Happel and Doenecke 2009).  On the other hand, 
significant compensation from the remaining H1s has been found in mice and cells 
lacking one or multiple H1 variants (Sirotkin et al. 1995; Lin et al. 2000; Fan et al. 2001; 
Fan et al. 2003; Lin et al. 2004; Fan et al. 2005), suggesting the redundancy of multiple 
H1 variants.  Studying the precise genome localizations of individual H1 variants would 
clarify the similarity and difference of these variants as well as the underlying 
mechanisms of H1 regulated transcription. 
 Chromatin binding affinity of H1 variants has been scrutinized by FRAP analysis 
and in vitro biochemical analysis, and differences of these variants have been observed 
(Th'ng et al. 2005; Izzo et al. 2008; Clausell et al. 2009).  Despite very innovative and 
informative, these approaches do not have enough resolution to identify the exact 
localization of H1 proteins or could not completely reflect protein properties in vivo.  
Chromatin immunoprecipitation (ChIP) is a powerful technique to study a specific 
protein and DNA interaction in vivo.  Recent advances in the next-generation sequencing 
technique further invigorate ChIP and expand it to the genome-wide scale with high 
resolution (ChIP-seq) (Shendure and Ji 2008; Park 2009).  The H1 knock-in and 
overexpression systems we generated in Chapter 2 offer great opportunity to perform 
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high resolution genome-wide mapping of individual H1 variants in ESCs utilizing ChIP-
seq. 
 In this study, we have achieved high resolution mapping of H1d, H1c and H1
0
 in 
ESCs by chromatin immunoprecipitation followed by massive parallel sequencing (ChIP-
seq).  High resolution mapping reveals that H1d and H1c occupancies are highly 
correlated, both enriched at AT-rich regions, but also possess different binding specificity.  
Both H1d and H1c largely co-localize with H3K9me3, but show an inverse correlation 
with GC% or H3K4me3.  Importantly, we discover that H1d and H1c are highly enriched 





3.3 Materials and Methods 
 
3.3.1 Antibodies 
 The following antibodies were used in this study: anti-FLAG (Sigma-Aldrich 
F3165), anti-Myc-tag (Cell Signaling #2272), anti-H3K4me3 (Millipore 07-473), anti-
H3K9me3 (Abcam 8898), anti-H3K27me3 (Millipore 07-449), and IgG (Millipore 12-
370). 
 
3.3.2 Chromatin immunoprecipitation (ChIP)  
 ChIP assays were performed as described previously (Fan et al. 2005) with the 
following modifications: 20 μl of Dynabeads Protein G (Life Technologies) were 
incubated with 2 μg of antibody for 4 hours, followed by incubation with 40 μg of 
sonicated soluble chromatin overnight at 4°C.  Dynabeads were washed, 
immunoprecipitates were eluted, and DNA-protein complexes were incubated overnight 
at 65°C to reverse crosslinks.  DNA was purified with a DNA Isolation column (Qiagen).  
Input control DNA was prepared from reverse-crosslinked soluble chromatin prior to 
immunoprecipitation.  Quantitatitve PCR on ChIP samples for major satellites, minor 
satellites, LINE L1, IAP LTR and Hprt was performed with primers published previously 
(Martens et al. 2005; Boyer et al. 2006).  Primer sequences are listed in Table A.1. 
 
3.3.3 Generation of ChIP-seq libraries 
 The libraries for massive parallel sequencing were prepared with the ChIP-seq 
Sample Preparation Kit (Illumina) according to the manufacturer’s instructions.  Briefly, 
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10 ng of immunoprecipiated DNA or input DNA were end repaired, 3’ adenylated and 
ligated with adapter oligos supplied by the manufacturer.  DNA fragments within the 
range of 120~500 bp were purified following gel electrophoresis and amplified with 
primers provided by the manufacturer.  Library DNA was subsequently purified with a 
Qiagen DNA Isolation column, quantified and submitted for sequencing. 
 
3.3.4 Sequence reads processing and alignment 
 Sequencing was performed with Illumina Genome Analyzer II and Illumina 
HiSeq 2000 systems, and raw sequence reads containing more than 30% of ‘N’ were 
removed and adaptor sequences were trimmed.  Clean sequences were aligned against 
mouse genome, mm9 (UCSC website), and 2,669 categories of mammalian repeats from 
RepBase version 14.07 (Jurka 2000; Jurka et al. 2005) using Bowtie aligner software 
(http://bowtie-bio.sourceforge.net/index.shtml).  The first 40 bp (for alignment to mm9) 
or the first 35 bp (for alignment to RepBase) of the reads were used as seed sequences 
with up to two mismatches allowed for the alignment, and aligned number of reads were 
scored.  Reads with multiple alignment positions were mapped randomly to one of the 
possible position.  Reads for each ChIP-seq or input-seq library aligned to mm9 were 
normalized to 10 million reads, and IP-IN signals were calculated in each 100 bp sliding 
window by subtraction of normalized read counts per 10 million mappable reads of ChIP-
seq library by that of its corresponding input-seq library using GenPlay software 
(http://genplay.einstein.yu.edu/wiki/index.php/Documentation) (Lajugie and Bouhassira 
2011)).  Percentage of reads for each repeat mapped to RepBase was calculated by 
dividing reads mapped to the respective repeat by the total reads in the library, and the 
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fold enrichment for the respective repeat was subsequently calculated as the ratio of the 
percent of reads of ChIP-seq library to that of the input-seq library.  Read length and read 
counts of each library are listed in Table 3.1.  Representative ChIP-seq libraries with the 
most sequencing reads mapped to mm9 were utilized for genome browser visualization 
and metagene analysis, and all replicate ChIP-seq libraries were included in repetitive 
sequence analysis.  
 
3.3.5 Genome-wide correlation analysis  
 The sum of signals (IP-IN) for each 1000 bp window (normalized to 10 million 
reads) was used to calculate the correlation coefficients of H1 variants with GC% and 
different histone markers.  Genome-wide and chromosome-wide correlation coefficients 
were calculated, and the scatter-plots were generated using Matlab. 
 
3.3.6 Overrepresentation and distribution pattern analysis  
 Significantly enriched regions were identified using SICER v1.1 (Zang et al. 2009) 
at the following parameter settings: window size = 200, gap size = 600, E-value = 1000, 
an effective genome size of 80% of the entire mouse genome, and q-value (FDR) = 0.001.  
In order to optimize the gap size for H1 variants, the gap size was varied from 0 to 3 
times the window size (0, 200, 400, 600) and the best value was chosen according to the 
criteria as previously described (Zang et al. 2009). Distribution of peak regions relative to 
gene regions was analyzed by CEAS (Shin et al. 2009).  Top 10% of enriched regions for 
each ChIP-seq library were selected to identify the overrepresented features using 
EpiGRAPH (http://epigraph.mpi-inf.mpg.de/WebGRAPH/) (Bock et al. 2009).  2214 
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H1d/H1c common peaks, 1939 H1d unique peaks, 433 H1c unique peaks, 1891 








3.4.1 H1d and H1c are under-represented at GC-, gene- rich regions and depleted at 
active promoters 
 To achieve high resolution mapping of H1d and H1c variants in mouse ESC 




 ESCs using anti-
FLAG and anti-Myc antibodies, respectively.  Input-seq and ChIP-seq libraries were 
sequenced and aligned to genome through collaboration with Nathalie Lailler and Dr. 
Eric Bouhassira at Albert Einstein College of Medicine.  In each ChIP-seq library, 
approximately 80-90% of reads were mappable to the mouse genome (mm9) using the 
Bowtie aligner (Langmead et al. 2009) (Table 3.1).  While sonicated chromatin input 
control libraries on average had 65% vs. 22% of reads mapped to unique positions and 
multiple positions respectively, the H1c ChIP-seq libraries had 44% vs. 45% mapped to 
unique vs. multiple positions, suggesting that a higher proportion of H1c resides on 
repetitive sequences.  Similarly, an overrepresentation of multi-match sequence reads (39% 
of mapped reads) occurred in H1d ChIP-seq libraries.  A survey of sequencing signal 
intensities indicated that H1d and H1c were generally depleted from gene rich regions 
with the deepest dips around transcription start sites of active genes (examples shown in 
Figure 3.1, Figure 3.2, Figure 3.3, and Figure 3.4).  ChIP-seq with the anti-FLAG 
antibody in control ESCs not containing FLAG-H1d generated minimal random 
background signals (data not shown), and examination of H1c (anti-Myc) signals showed 
no enrichment at c-Myc target genes, such as Oct4, Nanog and Sox2 (Kidder et al. 2008) 
(Figure 3.4), indicating no cross-reactivity for these antibodies.  To compare H1 
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occupancy with other histone marks, we performed ChIP-seq of an active histone mark, 
H3K4me3, and two repressive histone marks, H3K9me3 and H3K27me3, in murine 
ESCs.  Visual examination of the track files revealed that H1 dips often coincided with 
H3K9me3 dips or H3K4me3 peaks and that H1 displayed higher signals at gene poor 
regions with high AT% (low GC%) (Figure 3.1 and Figure 3.2).  H3K27me3, enriched at 
Hox gene clusters (Figure 3.5) as expected, did not show obvious pattern correlation with 
H1 (Figure 3.1, Figure 3.2, Figure 3.3 and Figure 3.4).  These observations suggest 
possible correlations of H1d and H1c with H3K9me3, H3K4me3, gene distribution and 










Library Read length (bp) Total reads Mappable reads % mappable 
Input-a 85 33,441,224 29,809,507 89.14 
H3K4me3-1 85 22,142,352 19,972,402 90.2 
H3K4me3-2 104 29,439,221 24,864,366 84.46 
H3K27me3-1 85 36,662,043 31,760,328 86.63 
H3K27me3-2 104 30,530,476 27,333,935 89.53 
Input-b 104 58,956,901 55,637,627 94.37 
H1d-1 104 128,728,185 113,872,952 88.46 
H1d-2 104 88,243,326 72,421,297 82.07 
H1d-3 100 8,982,438 8,257,555 91.93 
H1d-4 100 6,338,749 5,819,605 91.81 
H1c-1 104 78,246,028 70,695,286 90.35 
H1c-2 100 7,159,846 6,463,193 90.27 
H3K9me3-1 104 83,327,029 78,019,097 93.63 
H3K9me3-2 100 12,369,001 11,633,045 94.05 
H3K9me3-3 100 44,923,673 36,307,313 80.82 
H1d-Trans-1 100 6,889,836 6,279,397 91.14 
H1d-Trans-2 100 64,330,869 50,757,056 78.9 
H1
0








Figure 3.1 Distributions of H1 variants and histone marks at an 8 Mb region. 
The GC density track was obtained from UCSC genome browser.  Genes are color coded 









































We next investigated the relationship between H1 occupancy and gene expression 
levels at a 10 kb region centered around transcription start sites (TSSs) as well as a 10 kb 
region centered around transcription termination sites (TTSs) using GenPlay software 
(Lajugie and Bouhassira 2011).  Such metagene analysis revealed that H1 signals were 
always lower than chromatin input control within these regions (IP-IN<0) (Figure 3.6A), 
suggesting a general depletion of H1 at gene containing regions.  Both H1d and H1c were 
especially depleted around the TSSs with dips much deeper at highly active genes than at 
silent genes (Figure 3.6A).  Interestingly, except at TSSs and promoters, H1 signals 
remained largely constant throughout the gene encompassing regions and the signal 
intensity was higher at the silent genes than that at active genes, suggesting that H1 is 
underrepresented at surrounding regions of active genes as well (Figure 3.6A).  Indeed, 
for genes highly depleted of H1 variants at promoters, the signal values of H1s, although 
gradually increased toward distal regions, remained diminished up to 200 kb from TSS 
(Figure 3.7), suggesting that H1s are depleted from broad domains at these regions in the 
genome.  H3K4me3 is known to be peaked around TSS of active genes (Guenther et al. 
2007; Mikkelsen et al. 2007), and metagene H3K4me3 curves displayed an opposite 
pattern to that of H1 (Figure 3.6A), further indicating that H1 is absent at active 
promoters.  H3K9me3 exhibited a very similar distribution pattern to that of H1d and 
H1c, whereas H3K27me3 did not show similar profiles to that of H1 variants (Figure 
3.6A).  Metagene analysis of H1 and histone marks on genes finely partitioned by 
expression levels (each group with 20% of genes) over a 10 kb region (-5 kb to +5 kb of 
TSS) further corroborated their distinctive patterns at TSSs as a function of gene 







Figure 3.6 Metagene analysis of H1d, H1c, H3K9me3, H3K27me3 and H3K4me3 in 
relation to gene expression levels. 
(A) Profiles of highly active genes (top 10% in expression), silent genes (bottom 10% in 
expression) and all genes on a 10 kb window around TSS and a 10 kb window around 
TTS.  
(B) Profiles of genes finely grouped according to expression levels on a 10 kb window 







Figure 3.7 Progressively elevated levels of H1 variants with increasing distance from 
TSS. 
Signal values of 100 bp window at TSS and indicated flanking regions of genes with 
lowest H1 values (20% of all genes) were plotted.  Distal data points situated in the 
vicinity of other TSSs were removed from calculation. P<10
-50
 for all comparisons (with 
TSS) with paired t-test.  The line in the box indicates the median, while the bottom and 




 percentiles, respectively.  The red line represents the 
median signals at +/-10 Mb distal to TSS.   
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To better define the correlation of H1 occupancy with histone marks around TSSs 
and promoters, metagene analysis of H1 signals was performed for genes partitioned into 
5 groups according to their levels of H3K9me3, H3K4me3, or H3K27me3, which 
displayed characteristic profiles around TSS (Figure 3.9A, 3.9B, 3.9C and Figure 3.8).  
H1 signals displayed positive and negative correlations with respective H3K9me3 and 
H3K4me3 signals, having the deepest dip for promoters and TSSs with the lowest 
H3K9me3 levels (Figure 3.9A) or highest H3K4me3 signals (Figure 3.9B).  On the other 
hand, H1 signals showed no correlation with H3K27me3 levels and no difference among 
the 5 groups of genes partitioned according to H3K27me3 levels (Figure 3.9C).  
Interestingly, H1 was also depleted at the promoters of genes bound by H3K4me3 and 
H3K27me3 bivalent marks (Bernstein et al. 2006) but not at H3K4me3-free promoters, 









Figure 3.8 Metagene profiling analysis of H3K9me3, H3K27me3, and H3K4me3 








Figure 3.9 Metagene analysis of H1d and H1c in relation to the levels of H3K9me3 
(A), H3K4me3 (B), H3K27me3 (C), and the presence or absence of H3K4me3 and 
H3K27me3 (D), on regions covering -5 kb to + 5 kb of TSS. 
The number of genes selected within each group in (D) is shown in parentheses.  Y axis: 
tag counts per 100 bp window per 10 million mappable reads. IP-IN: normalized signal 





 Although most H1d and H1c signals appeared universally distributed, we 
identified regions enriched for H1 binding using SICER (Zang et al. 2009) and GenPlay 
software.  Identified H1d and H1c enriched regions often form broad domains (examples 
shown in Figure 3.10).  SICER analyses were performed through collaboration with 
Karan Uppal from Dr. Eva Lee's lab as well as Fan lab members Ashwath Kumar and 
Xiao Dong.  Annotation of H1d- and H1c- rich regions using CEAS (Shin et al. 2009), a 
software designed to characterize both sharp and broad ChIP-seq enrichment, indicated 
that, similar to H3K9me3, both H1d and H1c “peaks” were over-represented in distal 
intergenic regions and under-represented at promoters and 5’UTR, which were highly 




















Figure 3.11 Distribution analysis of H1d and H1c enriched regions. 
Pie diagram of distributions of H1d, H1c, H3K9me3, H3K27me3, and H3K4me3 




3.4.2 Correlation of H1 with histone marks 
 We next performed genome-wide correlation analysis to determine if the 
similarity and/or contrast of H1 variants with GC% and histone marks at TSSs also 
extend to a genome-wide scale.  Indeed, the distribution of H1d and H1c were highly 
correlated throughout the genome (R= 0.7866) (Figure 3.12), and both variants were 
negatively correlated with GC% (R= -0.4182 and -0.4140 for respective H1d and H1c) 
(Figure 3.13), indicating that H1d and H1c were enriched or depleted at similar regions.  
Both H1d and H1c were correlated negatively with H3K4me3 (R= -0.2640 and -0.3317 
respectively), but positively with H3K9me3 (R= 0.5732, 0.5790) (Figure 3.13), 
suggesting their enrichment at heterochromatin.  On the other hand, these two variants 
showed no obvious correlation with H3K27me3 (R= -0.08 for both variants) (Figure 
3.13).  Correlation analysis of sequencing signals on enriched or depleted regions gave 
similar coefficients as the respective genome-wide coefficients (data not shown).  It is 
interesting to note that the coefficients of H1 vs. H3K4me3 on sex chromosomes were 
dramatically different from those of autosomes (Figure 3.14).  This result echoes the 
previous finding that sex-chromosome genes are overrepresented among genes with 
altered expression levels by triple H1 deletion in ESCs (Fan et al. 2005), suggesting that 










Figure 3.12. Genome-wide correlation scatter plots of H1d vs. H1c. 
The correlation coefficient and the trend line were generated as described in Materials 
and Methods.  X and Y axes: average signal values (normalized to 100 bp window).  
Pearson’s correlation was used to perform the analysis.  P<10
-100








Figure 3.13 Genome-wide correlation scatter plots of GC% (or histone marks) vs. 
H1d (left) and H1c (right). 
The correlation coefficients and the trend lines were generated as described in Materials 
and Methods.  X and Y axes: average signal values (normalized to 100 bp window).  
Pearson’s correlation was used to perform the analysis.  P<10
-100










Figure 3.14 Correlation coefficients of H1d vs. H1c (A), each H1 variant (H1d or 
H1c) vs. GC percentage (B) and histone marks (C) on individual chromosomes. 
Pearson’s correlation was used to perform the analysis.  P<10
-100
 for all correlation 




3.4.3 Features of H1d and H1c enriched regions 
 To gain a comprehensive view of the DNA features of H1d- and H1c- rich regions, 
I collaborated with Ashwath Kumar, who selected the regions highly enriched for H1 
variants and histone marks, and performed cross-comparison of genome attributes using 
the statistical analysis software EpiGRAPH (Bock et al. 2009).  Such analysis (Figure 
3.15 and Figure 3.16) revealed that: a) H1d/H1c common peaks (regions highly enriched 
for both H1d and H1c) appeared similar to H3K9me3 peaks in genome attributes, except 
for satellite DNA which was relatively overrepresented in H1 peak regions; b) H1d/H1c 
common peaks were enriched at AT-rich sequences, satellite DNA, and chromosome G-
bands but were absent from GC-rich regions, and genes or exons when compared with 
H3K4me3 or H3K27me3 peaks; c) comparison of H1d/H1c common peaks with 
H1d/H1c unique peaks (regions highly enriched for H1d or H1c but not both) showed 
similar features as the comparison of H1d/H1c common peaks with H3K4me3 or 
H3K27me3 peaks; d) comparison of H1d vs. H1c specific peaks indicated that H1d 
unique peaks were relatively enriched at GC-rich sequences and LINEs, whereas H1c 
unique peaks were more enriched at AT-rich sequences, Giemsa positive regions and 
satellite DNA; e) the overrepresentation analyses between H1d (or H1c) unique peak 
regions and histone mark peak regions exhibited similar features as comparisons using 










Figure 3.15 Overrepresented features from 5 comparisons of H1 or histone mark 
highly enriched regions. 
(A) H1d/H1c common vs. H3K9me3 regions; (B) H1d/H1c common vs. H3K4me3 
regions; (C) H1d/H1c common vs. H3K27me3 regions; (D) H1d/H1c common vs. 
H1d/H1c unique regions;  (E) H1d unique vs. H1c unique regions.   
Bottom half of each box: repetitive elements.  *: no significant overrepresentation.  All P 
values remained significant after multiple testing corrections with the FDR method and 









Figure 3.16 EpiGRAPH overrepresentation analyses of comparisons of H1d (or H1c) 
uniquely enriched regions vs. histone marks enriched regions. 
H1d unique regions (left panels) or (H1c unique regions (right panels)) vs. H3K9me3 
regions (A), vs. H3K27me3 regions (B), vs. H3K4me3 regions (C).  Overrepresented 
repetitive elements are shown in the bottom half of each box.  *: no significantly 
overrepresented features.  All P values remained significant after multiple testing 




3.4.4 High occupancy of H1d and H1c at major satellite sequences in mESCs 
 The EpiGRAPH overrepresentation analysis indicated that peak regions of H1d 
and H1c were enriched for satellite repeats.  Indeed, examination of the top ranked H1 
peak regions with especially high binding signals revealed that these regions overlap 
perfectly with major satellite sequences (examples shown in Figure 3.17).  This finding 
and the above observation of overrepresentation of multi-match sequence reads in H1 
ChIP-seq libraries prompted us to perform a thorough mapping study of sequence reads 
to a database of repetitive sequences.  We aligned sequence reads of H1d, H1c, 
H3K9me3, H3K27me3 and H3K4me3 ChIP-seq libraries to Repbase Update, a 
comprehensive database of repetitive elements from diverse eukaryotic organisms (Jurka 
2000; Jurka et al. 2005; Bock et al. 2010).  We found that both H1d and H1c were 
significantly enriched at repetitive sequences, with H1d and H1c ChIP-seq libraries 
having on average percent mapped repeats respective 2.3-, and 2.8-fold of that of 
chromatin input-seq libraries (Figure 3.18).  H3K9me3, H3K27me3 and H3K4me3 ChIP-
seq libraries had an average respective percent mapped repeats 1.4-, 0.7-, and 0.9- fold 
compared with input controls (Figure 3.18), suggesting an overrepresentation of 





Figure 3.17 Representative profiles of top H1d and H1c enriched regions (mapped 
to mm9). 
Repeat element tracks were obtained from UCSC genome browser.  Dashed lines indicate 








Figure 3.18. H1d and H1c are enriched at repetitive sequences. 
Fold enrichment of percent mappable repeats (mapped to RepBase) from H1d, H1c, and 
histone marks ChIP-seq libraries over that from corresponding chromatin input-seq 
library on all repeats.  The dashed lines indicate the level of normalized input signal.  P 
values calculated with Fisher’s exact test comparing ChIP-seq with input-seq libraries are 
less than 2.5×10
-5
.  Error bars represent the differences between replicates. Data are 





Importantly, we found that the increased proportion of total reads of H1 libraries 
mapped to repetitive sequences was predominantly caused by overrepresentation on the 
major satellite sequences on which the levels of H1d and H1c occupancy were enriched 
on average 4.0- and 5.6-fold compared with the chromatin input control (Figure 3.19).  
This level of H1 enrichment appeared to be specific to major satellites because we did not 
observe H1d and H1c enrichment among other abundant repeats, except for a moderate 
increase of H1d and H1c occupancy at minor satellites.  qChIP results confirmed the 
preferential binding of these two H1 variants to major satellites (Figure 3.20).  
Sequencing results showed that H1d and H1c levels on most of other less abundant 
classes of repetitive elements, such as L1, IAP LTR retrotransposons, SINE, non-LTR 
retrotransposons, and DNA transposons, were similar or lower compared with the input 
control (Figure 3.19 and Figure 3.21).  H3K4me3 was highly enriched at 5’end of a 
subset of LINE L1 sequence (Figure 3.21), consistent with the abundant expression of L1 
detected in multiple cell types (Packer et al. 1993; Trelogan and Martin 1995; Belancio et 
al. 2010), whereas H3K9me3 was enriched at major satellite repeats and LTR 
transposons, such as IAP particles, with similar levels as previously reported (Martens et 









Figure 3.19 H1d and H1c are highly enriched at the major satellite sequences. 
Fold enrichment of percent mappable repeats (mapped to RepBase) from H1d, H1c, and 
histone marks ChIP-seq libraries over that from corresponding chromatin input-seq 
library on six most abundant repetitive sequences and the remaining other repeats.  The 
dashed lines indicate the level of normalized input signal.  P values calculated with 
Fisher’s exact test comparing ChIP-seq with input-seq libraries are less than 2.5×10
-5 
for 
all repeat classes shown.  Error bars represent the differences between replicates. Data are 







Figure 3.20 qChIP analysis of H1d, H1c and histone marks at selected repetitive 
elements. 
Relative enrichment was calculated by normalizing the signals of ChIP over that of IgG.  









Figure 3.21 Distribution of H1d, H1c, and histone marks on additional repetitive 
sequences. 
Fold enrichment of percent mapped repeats of H1d, H1c, H3K9me3, H3K27me3, and 
H3K4me3 ChIP-seq libraries over that of corresponding input-seq library.  14 most 
abundant repetitive sequences within the “other” repetitive group shown in Figure 3.19 
are presented.  P values calculated with Fisher’s exact test comparing ChIP-seq with 
input-seq libraries are less than 1.3×10
-7 
for all repeat classes shown except those marked 
with “*”.  *: P>0.01.  Error bars represent the differences between replicates.  Data are 




 Enrichment of H1 variants at major satellites was also confirmed by calculating 
the normalized “IP-IN” signals at major satellite regions in mouse genome mm9 
assembly (July 2007) annotated by RepeatMasker (http://repeatmasker.org) (Figure 3.22 
and Figure 3.23).  Analysis of ChIP-seq libraries of FLAG-H1d in H1d-trans ESCs, 
which had similar levels of FLAG-H1d and total H1/nuc ratio as the cis H1d
FLAG
 ESCs 
(Figure 3.24), also showed a similar level of enrichment at major satellites as H1d
FLAG
 









Figure 3.22 Significant enrichment of H1 variants at major satellites. 
Box plots of the signals of three H1 variants and histone marks at major satellite repeats 
are shown. 
Y axis: input subtracted, normalized signal values as tag counts per 100 bp window per 
10 million mappable reads.  The line in the box indicates the median, while the bottom 




 percentiles, respectively.  P<4×10
-6
 for 









Figure 3.23 Binding signals of H1 variants and histone marks at TSS, 10 Mb distal 
to TSS, LINE L1, and IAP LTR repeats. 
Y axis: input subtracted, normalized signal values as tag counts per 100 bp window per 
10 million mappable reads.  The line in the box indicates the median, while the bottom 




 percentiles, respectively.  P<4×10
-6
 for all 









Figure 3.24 Analysis of H1d-trans ESC line. 
(A) Reverse phase HPLC of total histone extracts from H1d-trans cells.  
(B) Ratios of each H1 variant (and total H1) to nucleosome of H1d-trans cells calculated 
from data shown in (A).  




























Figure 3.26 Similar binding of H1d at the 20 most abundant repetitive elements in 
H1d
FLAG
 and H1d-trans ESCs. 
P values comparing ChIP-seq with input-seq libraries are less than 9.3×10
-14










Figure 3.27 qChIP analysis of H1d occupancy at indicated repetitive elements in 
H1d-trans cells. 




3.4.5 Mapping of H1
0
 in mESC genome 
 To compare the binding patterns of the replacement variant H1
0
 with that of the 




 cells with 
an anti-FLAG antibody.  Such analysis indicated that, despite its different biochemical 
properties and unique expression patterns (Lennox and Cohen 1983; Zlatanova and 
Doenecke 1994; Happel and Doenecke 2009), H1
0
 shared similar distribution features to 
that of H1d and H1c in ESCs, including depletion at active promoters and enrichment at 
major satellites (Figure 3.7, Figure 3.22, Figure 3.28, Figure 3.29, Figure 3.30, Figure 
3.31, and Figure 3.32).  Similar to H1d and H1c, H1
0
 also displayed overall positive 
correlation with H3K9me3 and inverse correlations with GC% and H3K4me3, although 
the level of correlation was to a lesser extent (data not shown). Furthermore, H1
0
 
enriched regions were significantly under-represented in gene regions but over-
represented in distal intergenic regions with 80.1% of H1
0
 peaks located in these regions 
(data not shown). Beside major satellites, H1
0
 also appeared to be enriched at minor 
satellites and, to a lesser extent, at LINE L1 elements as determined by ChIP-seq and 
ChIP-PCR (Figure 3.31 and Figure 3.32), suggesting differential binding preferences of 
H1
0







Figure 3.28 Examples of H1
0







 is depleted from active promoters. 
Metagene analysis of H1
0
 levels over a 10 Kb window centered on TSSs partitioned 
according to the levels of expression (A), H3K9me3 (B), H3K4me3 (C), H3K27me3 (D), 








Figure 3.30 A typical peak region of H1
0











 is enriched at satellite sequences. 
Fold enrichment of percent mappable repeats from the H1
0
 ChIP-seq library over that of 
input-seq library on total repeats (left) and 20 most abundant repetitive sequences (right).  
P values calculated with Fisher’s exact test comparing ChIP-seq with input-seq libraries 
are less than 1.8×10
-21  









Figure 3.32 qChIP analysis of H1
0
 occupancy at selected repetitive sequences. 








 H1 Linker histones are abundant chromatin binding proteins that facilitate the 
formation of higher order chromatin structures (van Holde 1989; Wolffe 1998).  The 
existence of multiple mammalian H1 variants which are differentially regulated during 
development presumably offers additional levels of modulation on chromatin structure 
and function.  Despite many efforts, the in vivo localization and function of individual H1 
variants in genome organization remain elusive.  Chromatin plays critical roles in stem 
cell fate determination and reprogramming, and the epigenome of ESCs has been 
intensively studied.  However, the genome-wide maps of one group of the major 
chromatin proteins, H1 variants, have not been established.  Here, we have filled both 
gaps by generating high resolution maps of three H1 variants in mouse ESCs, identified 
unique H1 binding features, and discovered an unusual enrichment of H1 variants at 
major satellites. 
 On the H1 genome-wide maps we have generated here, H1d and H1c are highly 
correlated and display similar binding patterns in the ESC genome.  Both variants are 
enriched at AT-rich regions, gene deserts and major satellites, but are depleted at GC-rich, 
gene-rich regions and especially at active promoters.  Thus, despite their differences in 
compacting DNA in vitro and the expression patterns during development (Lennox and 
Cohen 1983; Wang et al. 1997; Clausell et al. 2009), H1d and H1c are quite similar in 
overall distribution in the genome, which we surmise contributes to the redundancy 
among the major somatic H1s as suggested from previous studies of single or double H1 
variants knockout mice (Fan et al. 2001; Fan et al. 2003).  Nevertheless, analyses of the 
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regions that are uniquely enriched for H1d or H1c reveal some differences in sequence 
features (Figure 3.15 and Figure 3.16).  H1c has a higher enrichment at major satellites 
than H1d but is relatively depleted from LINE sequences (Figure 3.15 and Figure 3.19).  
In addition, H1c enriched regions have a higher proportion in gene bodies and proximal 
regions compared with H1d peak distribution (Figure 3.11).  These differences may 
account for an additional level of modulation and fine-tuning of genome function by the 
presence of multiple H1 variants in mammals. 
 H1
0
, the H1 variant associated with differentiation, has unique expression pattern 
and biochemical properties.  It is highly basic, expressed in differentiated cell types, and 
more similar to histone H5 in avian red blood cells than any other somatic variants 





 cells) shares the distinctive features of H1d and H1c in ESCs in genome-wide 
occupancy.  It is worth noting, though, that endogenous H1
0
 proteins are present at very 
low levels in undifferentiated WT ESCs and the genome-wide localization of H1
0
 in 
ESCs may differ significantly from its binding patterns in differentiated cells.  It would 
be interesting to systematically determine the genome-wide maps of histone variants in 
different cell types, particularly in light of a recent study reporting a distribution pattern 
change of H1.5 in cellular differentiation (Li et al. 2012).  The cell lines and mouse 
models generated in this study will greatly facilitate these future studies. 
The prevalent H1 variants binding with local troughs at active promoters we 
observed here in the mouse ESC genome is reminiscent of the previous results when 
ChIP-chip and a pan-H1 antibody were used to map H1 on a portion of the human 
genome in MCF-7 cells (Krishnakumar et al. 2008) or when DamID method was used to 
96 
 
map H1 in Drosophila cells (Braunschweig et al. 2009).  The depletion of H1 at TSSs of 
active genes observed in three systems suggests that this feature is common to all H1s 
and evolutionarily conserved.  However, our study differs from the two previous studies 
and offers more opportunities for high resolution and in-depth analysis because the 
knock-in system generated in this study allows for robust and highly specific mapping of 
H1 variants and deep-sequencing covers the entire genome including the repetitive 
genome.  Furthermore, we have found that the depletion of H1 at active genes is not 
restricted to regions around the TSS, but also expands to the entire gene encompassing 
domain (Figure 3.6).  Such phenomena suggests that a wide-spread change in higher 
order chromatin structure may be associated with gene expression and that gene-rich 
domains may adopt an overall decondensed chromatin structure with less H1 occupancy.   
Correlation analyses indicate that H1d and H1c are inversely correlated with GC 
content, H3K4me3 mark, but positively correlated with H3K9me3 mark across the mouse 
ESC genome (Figure 3.13).  Our finding that the common peaks of H1d and H1c are 
enriched with AT-rich DNA sequences in vivo resonates with the previous observation 
that H1 is preferentially associated with scaffold associated regions (SAR) (Izaurralde et 
al. 1989), which are also AT-rich sequences (Mirkovitch et al. 1984).  This binding 
feature may reflect a higher affinity of H1 to AT-tracts observed in in vitro studies (Kas 
et al. 1989; Bonnefoy et al. 1999).  The GC content has been suggested to be an intrinsic 
factor for nucleosome occupancy (Tillo and Hughes 2009), and our data suggest that it 
may also have an impact on H1 binding.  It is also noteworthy that, compared with gene 
expression levels, H3K4me3 and H3K9me3 correlate better with H1 levels at TSS.  For 
example, we did not observe dips of H1d and H1c around promoters of 40% genes when 
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partitioned by H3K4me3 or H3K9me3 signals, whereas a small H1 signal dip exists even 
for the 20% genes with lowest expression values (Figure 3.6, Figure 3.9A, and 3.9B).  It 
is possible that the steady state level of RNA messages (expression) may not faithfully 
reflect the active/inactive state of the promoters which may correlate better with the 
status of histone marks.  It has been reported that promoters of many genes with low 
expression have high H3K4me3 levels (Bernstein et al. 2006), and we surmise that H1 
may be absent from these gene promoters as well. 
 The co-localization of H1d and H1c with H3K9me3 suggests that these two 
variants are enriched at heterochromatin and may facilitate the maintenance of 
constitutive heterochromatin structure.  Such association may be mediated through HP1, 
the heterochromatin protein binding to H3K9me3 and H3K9 methyltransferase Suv39h 
and facilitating spreading of heterochromatin marks (Jones et al. 2000; Bannister et al. 
2001; Lachner et al. 2001).  Indeed, H1 has been shown to interact in vitro with HP1α 
(Nielsen et al. 2001; Daujat et al. 2005).  On the other hand, localization of HP1 is 
impaired in H1 depleted Drosophila (Lu et al. 2009b), suggesting that H1 may also 
contribute to the proper targeting of HP1. 
Surprisingly, we found that, at major satellite sequences, H1d and H1c signals are 
dramatically overrepresented, and this accounts for almost all the increased proportion of 
H1 sequence reads at repetitive sequences.  The levels of H1d and H1c at major satellites 
are much higher than H3K9me3 (Figure 3.19), a repressive histone mark also enriched at 
these repeats (Mikkelsen et al. 2007).  The enrichment of H1 at major satellites could not 
be solely attributed to the relatively high affinity of H1c and H1d to AT-rich sequences.  
Major and minor satellites sequences contain approximately 65% of A and T, with a ratio 
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of A:T being respective 2.5:1 and 1.8:1.  This could result in major satellites having more 
A-tracts to which H1 might have a higher affinity.  Phased nucleosome positioning 
observed at the major satellites (Zhang and Horz 1984; Linxweller and Horz 1985) could 
also contribute to the preferential binding of H1 at this region because different 
nucleosome positioning patterns have been shown to differentially affect H1 binding in 
vitro (Panetta et al. 1998). 
 In summary, we report high resolution maps of two abundant somatic H1 variants 
and the replacement H1 variant in mouse ESCs, connecting this important yet under-
explored repressive mark with the well-studied ESC epigenome.  The enrichment of H1d, 
H1c and H1
0
 on major satellites highlights an interesting phenomenon of these H1 






H1 LINKER HISTONE REGULATES CHROMATIN STRUCTURE AND 




The results of Chapter 4 have been published in the below article: 
Cao K., Lailler N., Zhang Y., Kumar A., Uppal K., Liu Z., Lee E. K., Wu H., Medrzycki 
M., Pan C., Ho P. Y., Cooper G. P. Jr., Dong X., Bock C., Bouhassira E. E., Fan Y. (2013) 
High-Resolution Mapping of H1 Linker Histone Variants in Embryonic Stem Cells. 







 H1 linker histone regulates local chromatin structure and the expression levels of 
specific genes in multiple organisms.  Previous results indicate the enrichment of three 
H1 variants at major satellite repeats in ESCs, while the roles of such enrichment on 
chromatin structures and functions remain elusive.  Here, we show that major satellite 
repeats display increased nucleosome spacing compared with bulk chromatin in ESCs.  
Furthermore, whlie deletion of H1c, H1d and H1e has little effect on the levels of histone 
modifications and DNA methylation at major satellites, H1 depletion causes pericentric 
chromocenter clustering and de-repression of pericentric repeats.  These results identify 
significant changes at pericentric heterochromatin upon depletion of H1 linker histone, 







 Major satellites are tandem repeats located at mouse pericentric regions with a 
234 bp unit repeating up to several megabase pairs (Choo 1997) (Figure 4.1).   
 
 
Figure 4.1 Schematic representation of pericentric major satellites, centromeric 
minor satellites, and telomeres on a mouse chromosome. 
The repeating units of major satellites are depicted as grey arrows.  
 
Pericentric major satellites from different chromosomes cluster together to form 
chromocenters in interphase nuclei (Guenatri et al. 2004), which is an important 
structural network in cells.  Multiple repressive epigentic marks such as H3K9 
methylation, H4K20me3, and HP1 are enriched at major satellite repeats (Peters et al. 
2001; Guenatri et al. 2004; Martens et al. 2005), which are also heavily methylated 
(Lewis et al. 1992).  However, the pericentric heterochromatin is not transcriptionally 
silent as noncoding RNAs from major satellites were detected in different organisms 
(Lehnertz et al. 2003; Probst and Almouzni 2011).  These pericentric transcripts seem to 
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play a role in HP1 recruitment, heterochromatin formation, and mouse development 
(Maison et al. 2002; Probst et al. 2010; Santenard et al. 2010; Maison et al. 2011).  H1 
linker histone has been found to interact with HP1 (Nielsen et al. 2001; Daujat et al. 2005; 
Hale et al. 2006), and our results in Chapter 3 demonstrates a significant enrichment of 
multiple H1 variants at major satellite repeats, suggesting possible functions of H1 at 
pericentric heterochromatin. 
 Several lines of evidence have linked H1 with repetitive sequences.  H1
0
 has been 
reported to bind at Alu sequences with highest affinity among three H1 variants in vitro 
(Lukiw et al. 1989).  H1 is enriched at rDNA repeats in yeast Saccharomyces Cerevisiae 
as shown by ChIP assay (Freidkin and Katcoff 2001).  H1 has been shown to regulate 
genes specifically rather than globally in different systems (Shen and Gorovsky 1996; 
Steinbach et al. 1997; Hellauer et al. 2001; Fan et al. 2005; Ni et al. 2006; Sancho et al. 
2008; Lu et al. 2013).  Interestingly, H1 depletion leads to an activation of a group of 
transposable elements In Drosophila (Lu et al. 2013).  Multiple mechanisms including 
DNA methylation and histone modifications are involved in H1 regulated transcription 
(Fan et al. 2005; Lu et al. 2013; Yang et al. 2013).  Nevertheless, the localization and 
function of H1 on repetitive genome in mammals remain under-explored.  
 Here, we demonstrate that major satellites display a longer nucleosome repeat 
length than bulk chromatin in ESCs.  By comparing WT and H1 TKO ESCs, we show 
that H1 depletion leads to chromocenter clustering and an increased expression of major 





4.3 Materials and Methods 
 
4.3.1 Determination of nucleosome repeat length (NRL) 
 ESC nuclei were extracted and MNase digestion was performed as described 
previously (Fan et al. 2005). Briefly, 2.5×10
6 
nuclei were resuspended in 200 μl of 
MNase digestion buffer (0.32 M sucrose, 50 mM Tris-HCl pH 7.5, 4 mM MgCl2, 1 mM 
CaCl2, 0.1 mM PMSF) and digested at 37ºC with 20 units of micrococcal nuclease 
(MNase) (Worthington) for time course analysis or 2 units of MNase (Worthington) for 5 
min in analysis shown in Figure 4.4.  Nuclei were lysed and DNA was subsequently 
purified and analyzed by electrophoresis.  Southern blotting was performed using  major 
or minor satellite specific probes as described previously (Fan et al. 2005).  The NRL at 
each time point was calculated using the regression line generated with size (bp) of 
polynucleosomes (Fan et al. 2003; Fan et al. 2005), and the values at time "0" were 
extrapolated as described previously (Gilbert and Allan 2001). 
 
4.3.2 Fluorescence in situ hybridization (FISH) 
 FISH was performed as described previously (Zhou et al. 2005).  The major 
satellite probe was biotin-labeled, denatured and hybridized to the slides overnight.  The 
nuclei were incubated with FITC-Avidin for 1 hour, and counterstained with DAPI.  
Signals were detected with an Olympus Epifluorescence Microscope (Olympus, Inc.) 
equipped with an Olympus QCLR3 cooled digital camera.  The experiments were 
repeated three times, and the number of chromocenters for each cell line was counted by 
three researchers as blind tests.  Statistical analysis was performed using a Mann-
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Whitney U nonparametric test.  Areas of chromocenters were quantitated using 
AxioVision software V4.8.2.0 and presented as pixel
2
.  The conversion factor of 
pixel/micron was 18.7 pixels per micrometer.  
 
4.3.3 Quantitative reverse transcription-PCR (qRT-PCR)  
 1 μg of total RNA extracted from ESCs was treated with RNase free DNaseI 
(Sigma-Aldrich) and reverse transcribed using a SuperScript first-strand cDNA synthesis 
kit with random hexamers (Life Technologies).  Triplicate PCR reactions using the iQ 
SYBR Green Supermix (Bio-Rad) were analyzed in a MyIQ Real-Time PCR Detection 
System (Bio-Rad).  All samples were typically analyzed in two independent experiments.  
Relative expression units were calculated by subtracting the mock reverse-transcribed 
signals (RT-) from reverse transcribed signals (RT+) and normalizing the adjusted values 
with signals of the housekeeping gene GAPDH. The qRT-PCR primers for repetitive 
sequences are the same as in qChIP, and the primers for GAPDH are as described 
previously (Zhang et al. 2012a) and listed in Table A.1. 
 
4.3.4 Bisulfite treatment of DNA and sequencing analysis 
 1 μg of DNA extracted from ESCs was treated with the CpGenome DNA 
modification Kit (Millipore) according to the manufacturer’s manual.  20 ng of treated 
DNA was used in each PCR reaction as previously described (Fan et al. 2005).  The 
primers used to generate PCR products from the bisulfite-converted DNA are specific for 
the converted DNA sequence of the analyzed regions.  The PCR products were 
subsequently cloned using the TOPO TA Cloning kit (Life Technologies), and colonies 
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containing the converted DNA inserts were picked.  DNA inserts were sequenced and 
analyzed with BiQ Analyzer (Bock et al. 2005).  Primers for major and minor satellites 







4.4.1 Increased nucleosome repeat length at major satellite sequences in ESCs 
 The level of H1 has been shown to be a determinant of nucleosome repeat length 
(NRL) with a higher level of H1 correlating with a longer NRL (Woodcock et al. 2006; 
Oberg et al. 2012).  To validate the enrichment of H1 variants at major satellites and to 
investigate its impact on the local chromatin structure at these regions, we measured the 
NRL of bulk chromatin and that of the pericentromeric (major satellites) and centromeric 
(minor satellites) regions with a time-course micrococcal nuclease (MNase) digestion 
assay.  Southern blotting images revealed that chromatin at major satellites was more 
resistant to MNase digestion than bulk chromatin and minor satellites (Figure 4.2). 
Consistent with previous studies (Fan et al. 2005), the bulk chromatin of mouse ESCs 
displayed a NRL of ~187 bp (Figure 4.3).  However, the NRL at major satellites had a 
value of 200 bp, which was ~13 bp and ~8 bp longer than the NRLs of respective bulk 
chromatin and minor satellites in ESCs (Figure 4.3).  These results suggest that the 
enrichment of H1d and H1c at major satellite repeats may contribute to the increase of 
NRL in the pericentromeric region compared with bulk ESC chromatin. Analysis of 
H1c/H1d/H1e triple knockout (H1 TKO) ESCs established previously, which have an 
H1/nuc ratio of 0.25 in bulk chromatin compared with that of 0.46 in WT ESCs (Fan et al. 
2005), indicated that H1 depletion caused a proportional decrease of NRLs in bulk 
chromatin, major satellites and minor satellites (Figure 4.4 and Figure 4.5). Consistently, 
qChIP analysis using a pan-H1 antibody showed total H1 levels were reduced at major 








Figure 4.2 Nucleosome repeat length analyses in WT ESCs 
DNA isolated from ESC nuclei digested with MNase at different time points were 
analyzed by ethidium bromide (EB) -stained gel (left), transferred to membrane which 
was sequentially probed with major satellites (middle) and minor satellites (right) using 
Southern blotting.  The positions of di-nucleosomes with 10-minute MNase digestion are 
marked by *.  The dashed line indicates di-nucleosome position of major satellites, which 









Figure 4.3 Increased nucleosome repeat length at major satellite repeats in ESCs. 
The NRLs were calculated from the images presented in Figure 4.2 by extrapolating the 









Figure 4.4 Southern blotting analysis of partially digested nuclei using a major 
satellite probe. 









Figure 4.5 Elevated NRLs at major satellites compared with bulk chromatin and 
minor satellites in H1 TKO ESCs. 
Data from EB-stained gel image (A, left) and corresponding Southern blots (A, middle 
and right) are plotted in (B). The positions of di-nucleosome with a 10-minute MNase 
digestion are marked by asterisks in (A). The dashed line in (A) indicates the di-
nuleosome position in major satellites, which is higher than that of bulk chromatin and 
minor satellites.  NRLs in (B) were calculated by extrapolating the corresponding curves 









Figure 4.6. H1 depletion leads to reduced H1 occupancy at major and minor 
satellites. 
qChIP analysis of H1 occupancy at major satellites, minor satellites, and HPRT gene in 
WT and H1 TKO ESCs.  ChIP signals over IgG levels are presented as mean ± S.D.  *: 




4.4.2 H1 depletion leads to chromocenter clustering 
 Major satellite repeats at pericentric heterochromatin from different chromosomes 
tend to cluster together and form the chromocenter, a nuclear compartment that plays an 
important role in structural maintenance of the chromosomes (Hsu et al. 1971; Guenatri 
et al. 2004).  Several chromatin proteins such as MeCP2, MBD2, DNMT3a, DNMT3b, 
and UHRF1 have been shown to contribute to chromocenter clustering (Brero et al. 2005; 
Gilbert et al. 2007; Papait et al. 2008), however, the role of H1 in chromocenter 
formation has not been studied to date.  Since both H1d and H1c are markedly enriched 
at major satellites, we set out to determine the effects of H1 depletion on chromocenter 
clustering in WT and H1 TKO ESCs.  To this end, I collaborated with Yunzhe Zhang and 
Dr. Zheng Liu for fluorescence in situ hybridization (FISH) analysis using a major 
satellite specific probe in these cells.  The chromocenter numbers in H1 TKO ESCs 
(median=8, n=160) were significantly lower than WT cells (median=17, n=206) (Figure 
4.7), and the size of chromocenters in H1 TKO ESCs on average was bigger than that in 
WT ESCs (Figure 4.8), demonstrating a previously unnoticed defect in the 
pericentromeric chromatin structure caused by H1 depletion.  Analysis of “rescue” (RES) 
cells established previously (Zhang et al. 2012a) showed that overexpressing H1d in H1 
TKO cells effectively restored the size and the numbers of chromocenters to the levels 





cells displayed normal chromocenter clustering as WT ESCs (Figure 4.9).  We note that 
the level of H1
0
, the replacement H1 variant, was increased significantly in TKO ESCs 
compared with that in undifferentiated WT ESCs where H1
0
 was minimal (Fan et al. 
2005; Zhang et al. 2012a).  To examine if the increased chromocenter clustering in H1 
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TKO ESCs could be attributed to an increase in H1
0
 levels, we performed DNA FISH in 
fH1
0
 ESCs.  Such analysis indicated that the chromocenter numbers were not reduced 
compared with WT ESCs (Figure 4.9).  These results indicate that the increased 







Figure 4.7 H1 depletion leads to chromocenter clustering. 
(A) Typical images of WT (top), H1 TKO (middle), and RES ESCs (bottom) of FISH 
with a major satellite probe (left), DNA stain DAPI (middle), and merged images (right).  
Scale bar: 10 μm.  
(B) Box plots of chromocenter numbers in the nuclei of WT, H1 TKO, and RES ESCs. 













Figure 4.8 Chromocenter area in WT, H1 TKO and RES ESCs. 
Chromocenters of 80 nuclei from each cell line were analyzed.  The line in the box 




















(A) Typical FISH images of indicated cells hybridized with a major satellite probe are 
shown in left panels.  DNA was counterstained with DAPI (middle), and merged images 
are shown in right panels.  Scale bar: 10 μm.  
(B) Box plots of the numbers of chromocenters in indicated ESCs.  The line in the box 









4.4.3 H1 regulates the expression levels of major satellite repeats independent of 
multiple epigenetic marks  
Pervasive transcription of repetitive sequences contributes to genome regulation, 
and aberrant regulation of the expression of satellite sequences interferes with 
heterochromatin assembly and chromosome segregation (Rudert et al. 1995; Guenatri et 
al. 2004; Bouzinba-Segard et al. 2006; Berretta and Morillon 2009).  To further examine 
the effects of H1 depletion on major satellites, we analyzed several repetitive sequences 
for expression and epigenetic marks in WT and H1 TKO ESCs.  Quantitative reverse 
transcription-PCR (qRT-PCR) analysis showed that the expression levels of major 
satellites were 3.5-fold higher in H1 TKO ESCs than in WT ESCs, whereas the 
expression levels of minor satellites and LINE L1 were not significantly changed (Figure 
4.10).  Such de-repression of major satellites by H1 depletion was dramatically curbed in 




 ESCs (Figure 4.11), indicating 
that the levels of H1s have a direct impact on transcriptional regulation of major satellites.  
Notably, the levels of multiple epigenetic marks, such as repressive marks H3K9me3, 
H3K27me3, and H4K20me3, the active mark H3K4me3, as well as DNA methylation all 
remained unchanged at the analyzed repeats in H1 TKO ESCs compared with WT ESCs 
(Figure 4.12 and Figure 4.13).  The lack of significant changes in the histone marks and 
DNA methylation at these repetitive sequences suggests that the increase in expression 
levels at major satellites may be due to an effect of local chromatin decondensation 
caused by H1 depletion in H1 TKO ESCs.  qRT-PCR analysis indicated that the 
expression of major satellites remained at low levels in fH1
0
 ESCs (Figure 4.11), 
excluding the possibility of H1
0
 upregulation being responsible for upregulation of major 
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Figure 4.10. H1 depletion leads to increased expression of major satellite repeats. 
Analyses of expression of selected repeats in WT, H1 TKO, and RES ESCs by qRT-PCR. 

















Data are shown as mean ±S.D.  a: P<0.05 in comparison with WT; b: P<0.05 in 









Figure 4.12. Multiple histone marks at major satellites are not affected by H1 
depletion. 
qChIP analysis of three repressive histone marks and one active histone mark at selected 
repetitive sequences in WT and H1 TKO ESCs.  Dashed lines indicate the highest level of 









Figure 4.13 DNA methylation at major satellites are not affected by H1 depletion. 
Bisulfite sequencing analysis (A) and percent of methylated CpG (B) of major, minor 
satellite sequences.  The positions of CpG sites analyzed are marked as vertical ticks on 







 The overrepresentation of H1 at major satellites in ESCs is supported by a longer 
NRL (Figure 4.2), which suggests a higher local H1 level than bulk chromatin and minor 
satellites.  Consistent with previous observations (Guenatri et al. 2004; Gilbert et al. 
2007), we find that major satellites are more resistant to MNase digestion than bulk 
chromatin and minor satellites in ESCs (Figure 4.2), suggesting that pericentromeric 
regions may adopt special higher order chromatin structure as indicated by sucrose 
sedimentation assay (Gilbert and Allan 2001).  High resolution mapping in this study 
identifies major satellites as the dominant preferential binding sites for H1 variants in 
ESCs, suggesting that H1 may play an important role in mediating the formation of 
distinct chromatin structure at pericetromeric regions.  This is further supported by the 
effects of H1 depletion on chromocenter clustering and expression of major satellites.  
We note that a higher NRL in major satellites than bulk chromatin is also present in H1 
TKO ESCs (Figure 4.5), suggesting a possible enrichment of the remaining H1 variants 
at major satellite sequences in H1 TKO ESCs.  Consistently, we have found that 
overexpressed H1
0
 also appear to preferentially accumulate at satellite sequences in ESCs. 
Mouse major satellites, constituting the pericentromere (Choo 1997; Probst and 
Almouzni 2008) necessary for chromosome structure and function, are shown to form 
clusters/chromocenters, exhibit distinct heterochromatin features and adopt a more stable 
and condensed chromatin conformation than the bulk chromatin (Gilbert and Allan 2001; 
Guenatri et al. 2004).  Our findings of the preferential binding of H1 at major satellites 
and chromocenter clustering (reduced number of chromocenters) in H1 TKO ESCs 
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suggest that H1 contributes to and may be required for the proper formation of pericentric 
heterochromatin.  The rescue of the clustering effects by overexpressing H1d in H1 TKO 




 cells compared with H1 TKO ESCs indicates that the 
total H1 level, rather than a specific H1 variant, is a key determining factor of 
chromocenter clustering.  This conclusion is further supported by our finding that 
overexpressing H1
0
 level to 3.5 fold of that of endogenous H1
0
 in WT ESCs has little 
effect on chromocenter numbers or major satellite expression.  In vitro studies have 
shown highly cooperative binding of H1 globular domain to DNA (Thomas et al. 1992), a 
property which we speculate could contribute to increased chromocenter clustering in the 
face of marked reduction of H1 levels in H1 TKO ESCs.  A larger nucleosome spacing 
(200 bp) (Figure 4.3) together with a higher local H1 level at major satellites could be 
important for efficient compaction of pericentromeric chromatin because nucleosome 
arrays with a NRL of 197 bp are able to form 30 nm fiber structure in vitro in the 
presence of linker histones whereas arrays with a short NRL are only able to form thinner 
and less compact structures (Routh et al. 2008).   
 The effects of H1 on major satellites are not restricted to chromatin structure and 
heterochromatin formation.  Loss of H1c, H1d and H1e causes a dramatic increase in 
transcripts from major satellites, but does not change the levels of the repressive 
epigenetic marks, H3K9me3, H4K20me3, H3K27me3, or DNA methylation at these 
sequences.  This suggests that the increase in expression of major satellites in H1 TKO 
ESCs is not mediated by loss of these repressive epigenetic marks, but rather caused by 
reduced binding of H1 per se or the potential decondensation of local chromatin structure.  
The phenomenon of changes in chromocenter organization independent of H3K9me3 is 
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reminiscent of results from deletion of UHRF1 (Papait et al. 2008), a histone binding 
protein or overexpression of MeCP2 in mouse myoblasts (Brero et al. 2005).  
Chromocenter organization is likely to be independent of H3K9me3 pathway because 
double deletion of Suv39h1 and Suv39h2 has minimal effects on the number and size of 
chromocenters in mouse cells (Peters et al. 2001; Harnicarova Horakova et al. 2010).  
The expression changes in major satellites in H1 TKO ESCs are also not due to potential 
changes in cell cycle since H1 TKO ESCs have similar growth rate (Fan et al. 2005) and 
cell cycle profiles (data not shown) to WT ESCs.  The reduction in expression levels of 
major satellites detected in RES cells compared with H1 TKO cells further supports that 
the drastic decrease in H1 levels causes de-repression of major satellites.  Noncoding 
major satellite transcripts have been shown to be important for proper chromocenter 
formation (Probst et al. 2010; Casanova et al. 2013), thus we speculate that the increased 
levels of major satellite transcripts contribute to chromocenter clustering in H1 TKO cells. 
In light of previous findings that ESCs null for DNA methyltransferases displayed 
chromocenter clustering (Gilbert et al. 2007), similar to what we observed in H1 TKO 
ESCs, we surmise that H1 and DNA methylation may act cooperatively in the proper 
maintenance of chromocenter structure. 
Collectively, the results in this study have demonstrated the increased 
chromocenter clustering and major satellite transcription by H1 depletion, and suggest 










 This dissertation is focused on revealing the genome-wide binding landscape of 
three H1 histone variants: H1d, H1c, and H1
0
, in mouse embryonic stem cells.  It is 
challenging to map specific H1 variants because antibodies of high quality and specificity 
to individual H1 variants  for ChIP assay are lacking.  To circumvent the technical 
difficulty, we have established a knock-in experimental system in mouse embryonic stem 
cells in which endogenous H1d and H1c are replaced by their corresponding epitope-
tagged H1 variant, respectively.  Besides ESCs, mice carrying FLAG-tagged H1d at the 
endogenous H1d locus have been derived.  Since H1
0
 is barely detectable in ESCs, 
tagged H1
0
 has been overexpressed to a physiological level in WT ESCs.  We have 
demonstrated that tagged H1s are functionally interchangeable to their endogenous 
counterparts in vivo, thus proving the feasibility of the system.  The establishment of 
these cell lines and the mouse model paved the way for dissecting the role of individual 
H1 variants in pluripotent stem cells, differentiated cells, as well as in adult tissues.  
 Compared with other genetic methods for investigating gene functions in 
mammals, such as overexpressing exogenous proteins with plasmids or lentiviruses, the 
knock-in approach  guarantees that the tagged (or modified) gene of interest is expressed 
at the endogenous level, circumventing the possible artifacts caused by the abnormal 
expression.  Recent development in genome editing technologies, such as zinc-finger 
nucleases (ZNFs) (Miller et al. 2007), transcription activator-like effector nucleases 
(TALENs) (Hockemeyer et al. 2011), and CRISPR-Cas nuclease systems (Wang et al. 
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2013), could further enhances the efficiency of genome editing.  Therefore, such an 
approach could be used to study other H1 variants or other proteins in vivo. 
 Mapping of H1d and H1c with ChIP-seq indicate that these variants are depleted 
at active promoters, GC- and gene-rich regions.  H1d and H1c are inversely correlated 
with H3K4me3 and GC content, while positively correlated with H3K9me3 as shown by 
genome-wide correlation studies.  CEAS and EpiGRAPH analyses have identified 
similarity and differences of H1d and H1c enriched regions.  H1
0
 has overall similar 
binding patterns with somatic H1 variants.  These results characterize the features of the 
genome-wide H1 localization.   
 Our results show different binding patterns of H1d, H1c and H1
0
 in specific 
genome regions (Figure 3.11), which could provide insights in understanding the 
modulation of H1 variants in chromatin structure and gene expression. It would be 
interesting to also map other H1 variants in mESCs, such as H1a, which has the lowest 
chromatin binding affinity among major somatic H1 variants by FRAP analysis and 
biochemical assays (Th'ng et al. 2005; Clausell et al. 2009) and a different genome 
binding pattern compared with other H1 variants in human lung fibroblasts (Izzo et al. 
2013).   
 Future study would be carried out to map the genome-wide binding features of H1 
variants at differentiated cell types and tissues since somatic cells have a different 
chromatin state compared with pluripotent cells (Meshorer et al. 2006).  Moreover, the 
genome-wide correlation of H1 variants and specific histone marks suggest that H1 may 
regulate the distribution of these marks.  Previous studies have shown that H1 depletion 
leads to aberrant alterations of histone marks at pluripotency genes during ESC 
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differentiation (Zhang et al. 2012a).  ChIP-seq could be utilized to analyze genome-wide 
distribution of histone marks in differentiating WT and H1 depleted cells.  Comparing the 
profiles of histone modification in these cells will facilitate the deduction of the temporal 
sequences and loci regulated by histone H1 during the differentiating processes.   
 Recent discoveries and progresses in induction of pluripotency from somatic cells 
by defined factors or even by cocktails of chemicals have attracted increased interest 
because of the broad applications and promises in clinical uses of the induced pluripotent 
stem cells (iPSCs) (Takahashi and Yamanaka 2006; Hou et al. 2013).  Many chromatin 
proteins are critical for the reprogramming process, such as MBD3 of the NuRD 
(nucleosome remodeling and deacetylation) complex (Rais et al. 2013), the histone 
methyltransferases SUV39H and DOT1L (Onder et al. 2012; Soufi et al. 2012), the 
heterochromatin structural protein HP1 (Sridharan et al. 2013), chromatin remodelers 
CHD1 and BRG1 (Gaspar-Maia et al. 2009; Singhal et al. 2010), indicating the 
importance of chromatin in cell reprogramming and cell fate decision.  Notably, a 
Xenopus oocyte specific histone H1 variant B4 is required for pluripotency gene 
reactivation of differentiated ESCs during nuclear reprogramming and an increase of H1 
mobility has been observed during reprogramming (Jullien et al. 2010).  Although the 
functions of H1 during transcription factors-induced reprogramming in mammals are 
unknown, it would be very interesting to investigate the genome localizations of 
individual H1 variants during reprogramming, which will pave the way for elucidating 




 Surprisingly, all three H1 variants analyzed in this dissertation are enriched at 
major satellites, the tandem repeats constituting the pericentric heterochromatin.  Such 
enrichment is specific and is confirmed by qChIP and multiple mapping approaches, 
suggesting that H1 plays a possible role in maintaining the structure and functions of 
pericentric heterochromatin.  Indeed, H1 enrichment at major satellites leads to the 
increased nucleosome repeat length compared with bulk chromatin.  FISH and qRT-PCR 
results demonstrate that H1 depletion causes chromocenter clustering and de-repression 
of major satellites.   
 The significant binding of H1 at major satellites raises the question why H1 is 
specifically enriched at these repetitive elements.  In vitro experiments such as EMSA 
with reconstituted nucleosomes may elucidate whether major satellites has an intrinsic 
affinity to H1 proteins or other factors play a role in the binding.  On the other hand, the 
mechanisms through which H1 regulates chromocenter clustering and the level of 
pericentric transcripts are still unknown.  Major satellites harbor consensus binding sites 
of several transcription factors, within which Pax3 and Pax9 have been reported to 
redundantly repress pericentric transcription as well as maintain heterochromatin 
integrity of major satellites (Bulut-Karslioglu et al. 2012).  It is possible that H1 may 
recruit these factors to facilitate the repression of major satellites, thus the relationship 
between H1 and major satellite bound transcription factors could be pursued as one of the 
future directions.  The timing and level of transcription from major satellites have been 
shown to be critical for early embryo development (Probst et al. 2010; Santenard et al. 
2010; Casanova et al. 2013), in which H1 and higher order chromatin folding plays an 
important role (Steinbach et al. 1997; Lim et al. 2013; Lin et al. 2013; Perez-Montero et 
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al. 2013).  Exploration of the impact of H1 on pericentric transcripts during early embryo 
development would provide further understanding on how chromatin compaction affects 
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